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Table 3—Per capita production of all grains, including pulses, in the years 2000 and 2010, based on
population projections and annual growth rates In production of 0, 1, 2, and 3 percent from

1988-92 levels
Per Capita Annual Production
2000 2010 Human Population
Country 0% 1% 2% 3% 0% 1% 2% 3% 1990 2000 2010
(kilograms} {millions)
Qil- and
remittance-sensitive
Afghanistan 103 114 126 139 a3 1™ 123 149 16.6 26.5 33.5
Egypt 200 221 244 269 167 204 248 302 52.4 64.8 77.7
Jordan 23 25 28 31 17 21 25 30 4.0 586 76
Morocco 221 244 270 297 181 221 269 327 25.1 316 38.7
Syria 206 228 251 277 149 182 222 269 12.4 17.5 242
Tunisia 156 172 190 210 135 165 201 245 8.1 9.8 1.3
Turkey 454 502 553 610 392 478 582 708 55.9 68.2 79.0
Qil exporters with
large populations
Algeria 72 80 88 97 57 70 85 103 25.0 32,9 41.5
Iran 179 198 218 241 134 163 199 242 58.0 77.9 104.0
Iraq 94 104 114 126 71 86 105 128 18.0 24.8 329
Qil exporters with
small populations
Libya 68 53 59 65 35 43 52 64 4.5 6.5 8.7
Saudi Arablia 204 226 249 275 152 186 226 275 14.9 20.7 27.8

Sources; Population estimates for 1990 are from the World Bank 1993, projections for 2000 and 2010 are from Alexandratos 1993,

Note:

Except for Morocco and Iran, all the countries show
natural pastures as diminishing proportions of ruminant
diets. This result is obtained without accounting for deg-
radation of rangelands, It is simply the outcome of in-
creased livestock populations, increased cropping
activities (generating crop residues), and increased use of
feedgrains. If the range degradation that is likely to have
occurred in most countries is allowed for, the reduced role
of natural pastures would be more pronounced.

The general trend toward greater use of feedgrains and
concentrates is likely to continue through the foreseeable
future. Much of this will be to supplement livestock diets
based primarily on crop residues and natural grazing
(Sarma 1986; Nordblom and Shomo 1994),

Domestic feed production in most countries is likely to
expand with advances and developments in crop and sown
pasture production. The output of both domestic crop
residues and feed grains also will increase because better
management of cereal crops in rotation, including forage
and food legume crops, can be expected. However, do-
mestic feed production is unlikely to keep up with demand
in most countries of the region.

Feed Deficits in the Middle East/North
Africa Region

If increases in crop production are assumed to generate
increases in crop residues, forage crops, and feedgrain
production in equivalent proportions, simple projections
can be made of the numbers of livestock units supportable
by domestic feed sources alone. The following analysis is

See Table 2 for 1988-92 production levels, under “1990."

based on the further optimistic assumption that natural
grazing sources can continue to provide 1990 levels of
feed offtake. Our projections of total domestic feed sup-
plies—given 1 percent, 2 percent, and 3 percent annual
rates of increase in crop production—allow us to identify
a plausible range of production possibilities for each
country.

Subtracting feed imports from each country’s total feed
resources (five-year averages around 1990 for crop resi-
dues, rangelands, and feed grains) and dividing the result
by 5.475 tons (3 percent of live weight per day for our 500
kilogram livestock unit) gives an estimate of the number
of tivestock units supportable at that time with domestic
feed alone. A regionwide median of 0.2 livestock unit per
capita for 1990 was found by Nordblom and Shomo
(1994,

We assumed a constant demand of 0.2 livestock unit
per capita, setting its level equal to the number of livestock
units supportable with domestic feed alone and thus
avoiding the questions relating to income growth and the
capacity to pay for imports. On the basis of the population
projections (Alexandratos 1993), we derived livestock
unit and feed projections (Table 6 and Figure 2). The
legend for Figure 2 is in the top lefi-hand box: beginning
with a node at 1990, branches spread out to nodes for the
years 2000 and 2010 for the 1 percent, 2 percent, and 3
percent rates of increased crop production; population is
on the horizontal axis.

Because of its abundant domestic feed resources (crop
residues and rangelands), Turkey shows potential sur-
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Table 4—Shifts in livestock units and feed, 1968-72 to 1988-92 (five-year averages), in selected

countries
Livestock Units All Feads
Country 1968-72 1988-92 196872 1888-92
{millions) {million tons)
il and remittance-sensitive
Afghanistan 5.05 2.70 38.34 20.95
Egypt 3.13 5.84 28.40 42,29
Jordan 0.27 0.68 0.99 1.40
Morocco 5.19 473 17.85 26.42
Syria 1.03 1.90 4.25 8.71
Tunisia 1.33 1.71 3.61 5.31
Turkey 15.15 13.37 51.99 67.35
Oif exporters with large populations
Algeria 2.16 345 15.12 16.11
Iran 8.62 12.29 2478 54.45
Iraq 3.06 2.61 B.17 8.66
Oil exporters with small populations
Libya 0.53 1.22 1.13 253
Saudi Arabia 0.48 1.98 2,98 13.87

Sources: Livestock statistics, FAQ 1993a; feed statistics (including pasture and forest grazing, crop residues and forage crops, and
feed grains and other concentrates) were compiled from FAO (1993a) and ERS (1992) by methods described in Nordblom

and Shomo 1994,
Notes:  For our livestock unit aggregations, we used Kosilla's {1888) conversion factors: sheep, 0.09; goats, 0.08; cattle, 0.7; buffaloes,
1.0; camels, 1.1; horses and mules, 0.8; asses, 0.6; and chickens, 0.012.

Table 5—--Diet compositions of ruminant animals, by feed category, for 1968-72 and 1988-92 {five-
year means), for selected countries of the Middle East/North Africa

Pasture and Forest  Feedgrainand  Crop Residues and

Country Grazing Other Concentrate  Forage Crops Total
{percent)
Afghanistan 1968-72 81 3 1 100
1988-92 76 3 21 100
Algeria 1968-72 79 4 17 100
1988-92 66 16 . 18 100
Egypt 196872 1 9 90 100
1988-92 1 15 84 100
Iran 1968-~72 57 5 38 100
1688-92 57 8 35 100
traq 1968-72 46 11 43 100
1988-92 44 18 38 100
Jordan 1968-72 69 6 25 100
1988-92 49 39 12 100
Libya 1968-72 68 17 15 100
1988-92 55 29 16 100
Morocco 1968-72 49 14 37 100
1988-92 56 11 33 100
Saudi Arabia 1968-72 58 1 41 100
1988-92 13 44 43 100
Syria 1968-72 28 12 60 100
1988-82 20 18 62 100
Tunisia 196872 64 5 3 100
1988-92 43 15 36 100
Turkey 1968-72 43 9 48 100
1988-92 21 13 66 100

Source: Compiled by authors with feed aggregates estimated for the 1968—72 and 1888-92 periods by methods described in Nordblom
and Shomo (1994), :
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Figure 1—Diet compositions of ruminant animals, by feed category, 1968-72 to 1988-92, for selected
countries of the Middle East/North Africa region

Natural Pasture and Forest Grazing as Percent of Diet

AF = Afghanistan; AL = Algeria; EG = Egypt; IN = iran; |Q = Iraq; J = Jordan; L = Libya;
M = Morocco; SA = Saudi Arabia; SY = Syria; TK = Turkey; TN = Tunisia

Source: Data in Table 5.

Table 6—Projected surpluses and deficits in feeds to the years 2000 and 2010, given estimated

domestic feed production in 1988-92 and annual increases of 1, 2, and 3 percent per year,
in 12 countries

2000 2010
Country 1988-92 1% 2% 3% 1% 2% 3%
{million tons}
Qil- and remittance-sensitive
Afghanistan =34 -13.9 =13.5 ~13.0 -21.1 ~20.2 -19.1
Egypt 254 -36.8 -33.3 =295 —47.4 -39.3 ~29.5
Jordan -0.7 =37 =36 -3.6 5.8 -5.6 -5.5
Morocco -1.6 ~7.9 -6.6 -52 =143 ~-114 —7.8
Syria -3.2 -8.2 7.2 -6.2 -14.6 =124 -9.8
Tunisia 0.5 -1.6 -1.2 0.7 -2.8 -1.7 0.4
Turkey 12.0 4.6 11.2 18.3 -0.6 14.7 334
Qil exporters with large populations
Algeria -85 -18.4 -17.9 -17.3 —27.4 -26.1 —24.6
iran 3.8 -18.5 -13.4 -9.9 -41.9 -34.6 -25.8
Iraq -5.4 -12.8 ~-11.9 -11.0 ~20.7 -18.8 -16.4
Oil exporters with small populations
Libya 1.8 -1.9 -1.7 -1.5 ~4.1 -37 =32
Saudi Arabla -5.6 -15.8 -15.2 -14.6 -23.0 217 =20.1

Notes: Demand is assumed to be a constant 0.2 livestock unit per capita, which is approximately the median level in the above countries
and represents the standing national herd of livestock, not the annual offtake of meat, milk, and eggs. Domestic feed production,
given the assumed rates of increase, may exceed or fall short of that required to support 0.2 livestock unit per capita. Deficits
in livestock unit or feed may be satisfied by imports of either. We assume feed imports can be converted to livestock units at
the rate of 5.475 metric tons of feed per livestock unit. See Table 3 for projections of human populations used in these
calculations and in Figure 2.
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Figure 2-—Projected surpluses and deficits in livestock units or feeds, with population projections
for years 2000 and 2010, for 12 countries.
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pluses well above 0.2 livestock unit per capita. However,
these livestock units represent standing populations of
livestock, maintained for various purposes (milk, meat,
hides, hair, and traction, as well as stores of wealth and
prestige), and not the annual offtake of livestock products.

In Figure 2, we assume that a deficit in livestock units
may be satisfied either by imports of livestock products
or by imports of feeds at the rate of 5475 tons of dry
matter per livestock unit. Given that only feed grains can
be imported, however, it is necessary to assume that the
three feed sources entering the computation of the rate of
conversion from livestock units to feed can be perfect
substitutes in a 1:1 proportion. The 5.475 conversion
factor, representing an average daily consumption of 3
percent of live weight for each livestock unit, should
otherwise be modified for imports to adjust for the substi-
tution of crop residues and pastures with feed grains.

The country-by-country graphs, beginning in Figure
2A, indicate that Libya, for example, is projected to have
a feed deficit of about 3 million tons by the year 2010 if
the country’s crop production increases at an annual rate
of 3 percent, and a deficit of more than 4 million tons if
the crop production growth rate is 1 percent. Syria and
Algeria, with larger populations, are already facing feed
deficits in 1990 and are projected to experience very large
deficits by the year 2010: 10 and 25 million tons of feed,
respectively, even ifthey were able toreach 3 percent rates
of increase in crop production,

Our projections for Jordan, Tunisia, Saudi Arabia,
Afghanistan, and Morocco are shown in Figure 2B, The
scenarios of lower (1 percent) rates of increase in crop
production would leave these countries with large deficits
in domestic feeds, given their projected populations.

Figure 2C offers projections for countries with the
largest populations (Turkey, Iran, Egypt, and Iraq). The
scale has been compressed with respect to the other fig-
ures: the dotted lines joining Figures 2B and 2C show the
change. Although plotted on different scales, for example,
feed-deficit and population projections for Iraq and Af-
ghanistan are similar.

Oil-rich countries—such as Libya, Saudi Arabia, and
the other Gulf states~—most likely will increase their
purchases of livestock products and feeds substantially in
the coming decades as their populations grow. On the
other hand, the poorer countries, containing the majority
of the region’s population, will have access to ever low-
ering amounts of animal protein per capita, beginning
from an already low base. In these countries, pulses are
likely to gain importance in absolute and relative terms,
as they are substituted for livestock products at lower
income levels.

Figure 2 shows that, for most countries, even substan-
tial increases in crop production (3 percent annually) will
not turn the tide of decline in per capita livestock units
supportable by domestic feed production.

Conclusions

The oil exporters with small populations must be consid-
ered separately from other countries of the region, not
only because of their oil wealth but also because of their
poor prospects for sustainable large-scale agriculture,
relative to their population sizes.

Qil exporters with large populations (Algeria, Iran,
Iraq) are similar enough, in terms of agricultural potentials
and financial resources, to form a subaggregate that
should be distinguished from the rest of the region. We
project that each could have annual feed deficits on the
order of 20 million tons by the year 2010, With a com-
bined population of 100 million people, projected to grow
rapidly in the coming decades, these countries deserve
special attention,

Oil- and remittance-sensitive countries, though at dif-
ferent stages of development, rely on rainfed farms and
pastures for much of their agricultural production. With
the possible exceptions of Lebaron and Yemen, the coun-
tries in this aggregate will all face large feed deficits by
2010, Turkey is the only state that is projected to suppott
more than 0.2 livestock unit per capita in 2010.

Food self-sufficiency is unattainable for most coun-
tries of the region, given their enormous population in-
creases. Greater integration with world markets will
become essential, and so will investments in human and
physical capital, research and extension, and technologi-
cal development, Each country will benefit by developing
its agriculture to the extent consistent with its particular
comparative advantage. Becoming a large importer of
food and feed grains is not a handicap for a country,
provided it develops stable means for financing these
imports through service industries, manufacturing activi-
ties, and competitive nonagricultural and agricultural ex-
ports.

Notes

1. Five-year averages on grain consumption (all grains
including pulses and pulses only) were drawn from
ERS (1992) for the same periods (Table 2). Con-
sumption figures include grains for livestock feed and
for direct human consumption.

2. Crop residues are not reported in statistical series of
any country in the region nor in FAO statistics.
Quantitative estimates can be derived, more or less
with confidence, by taking the reported statistics for
the relevant crops harvested and multiplying by a
factor specific to each crop (Nordblom and Shomo
1994). We include estimates for the following:
wheat and barley straws and stubbles, rice straws,
maize stalks and leaves, sorghum and millet stalks
and leaves, sugarcane and beet crop residues (includ-
ing bagasse and pulp), lentil and fava bean straws,
cotton leaves, veich, and berseem (Trifolium alexan-
drinum) in Egypt.



Native pasture (rangeland) and forest grazing ar-
eas are the most important feed sources for a number
of countries in the region. The data source for land
areas was FAO (1993a). Quantities of grazing off-
takes from these lands are not reported in any regular
series. We estimated grazing offtake by multiplying
the reported native pasture and forest areas by coun-
try-specific kilogram-per-hectare assumptions. For
nine countries our assumptions were based on AC-
SAD/AOAD (1985) values in kilograms per hectare:
Algeria, 300; Egypt, 90; Jordan, 79; Libya, 100; Iraq,
110; Morocco, 500; Saudi Arabia, 20; Syria, 200; and
Tunisia, 600. For the remaining countries (Afghani-
stan, Iran, and Turkey), we assumed pasturc offtake
is 500 kilograms per hectare.

Feed grains and other concentrates—including
barley grain, maize grain, and cottonseed (whole,
meal, and cake), both domestic and imported—com-
prise the smallest feed category for most countries in
the region. Exceptions are Saudi Arabia, Jordan, and
Libya, where spectacular increases in feed imports
have been reported over the past 20 years.
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Chapter 6

FUTURE SUPPLIES OF LAND AND WATER

FOR WORLD AGRICULTURE

By Pierre Crosson

This chapter is focused on prospects for increasing sup-
plies of land and water in response to rising global de-
mands for food, at acceptable economic and
environmental costs, given existing knowledge of how to
manage these resources for agricultural production. The
economic costs include the costs of the resources used in
increasing the land or water supply as well as the oppor-
tunity costs of using the land or water in agriculture
instead of in some other activity. The environmental costs
consist of the unpriced social values lost when the land or
water is devoted to agricultural production, An example
is loss of socially valuable wildlife habitat, for which there
is a derived demand by hunters and birdwatchers, which
occurs when farmers drain wetlands for crop production.
Another example is loss of recreational values when land
cleared for agriculture results in soil erosion and conse-
quent delivery of sediment to streams, lakes, and reser-
voirs. In principle, losses of existence values are among
the environmental costs that must be counted, although
whether, as a practical matter, existence values can be
calculated with enough accuracy to make them useful for
analysis and policy is highly controversial.

The environmental costs are unpriced because the
transactions they reflect are not registered in markets. The
lack of market prices for these costs creates major prob-
lems in measuring them. Despite the problems, many
economists, and all environmentalists, share the view that
the costs are important and some account must be taken
of them in evaluating agricultural performance. The dis-
cussion here is faithful to this prescription, but the ac-
counting of environmental costs necessarily is mainly
qualitative, Quantitative measures of the costs generally
are not available,

The supplies of land and water for agriculture have
both quantitative and qualitative dimensions. With re-
spect to land, the quantitative dimension refers to the
number of hectares of land of given quality with respect
to the soil characteristics bearing on the productivity of
the tand in agricultural production. These characteristics
are naturally occurring, plant-available nutrients; topsoil
depth; soil water-holding capacity; pH; and soil density.

Agricultural production here includes crops, animals, and
mixed crop—animal—tree systems.

The supply of land can be increased either by increas-
ing the number of hectares with no improvement in qual-
ity, or by improving the quality of land in production, or
by some combination of these two components. Bringing
more hectares into production without improving quality
is expansion of land supply along the quantitative dimen-
sion. Building the organic matter content of the soil to
improve soil structure, nutrient supply, and water-holding
capacity is an example of increasing supply along the
qualitative dimension.

Increasing land supply along the qualitative dimension
means improving soil characteristics that increase plant
production per hectare. Thus, increasing soil nutrients by
building organic matter increases the supply of land.
However, increasing production per hectare by putting on
more fertilizer or more labor, or more of any other input
or set of inputs does not increase the supply of land.
Fertilizer, labor, and other nonland resources are, of
course, critically important for agriculture, and increasing
their supplies will be vital to the future growth of global
agricultural production. However, increasing production
per hectare of land by adding fertilizer and other inputs is
attributable to increasing the supply of those inputs, not
to increasing the supply of land as supply of that resource
is defined here.

The supply of water has quantitative and qualitative
dimensions comparable to those for land. An increase in
the amount of water available for agriculture with no
change in water quality, whether through investment in
irrigation or in water-harvesting practices to increase soil
moisture, expands the supply of water along the quantita-
tive dimension. Investment in holding ponds to reduce the
salt content of water for irrigation downstream to a less
than yield-threatening level is an example of increasing
the supply of water along the qualitative dimension.

The opening statement of this chapter emphasized that
the focus here is on increasing the supplies of land and
water, “given existing knowledge of how to manage these
resources for agricultural production.” The issue is stated
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in these terms because the goal here is to address the
question of how much global agricultural production
might be increased at acceptable economic and environ-
mental costs solely by increasing supplies of land and
water. The question is critically important in thinking
about research and othet policy issues aimed at achieving
a sustainable global agricultural system. How much
weight should be given to investment in extending sup-
plies of land and water relative to investment in develop-
ing new knowledge of how to increase the productivity of
these and other resources employed in agriculture? The
relevant knowledge is embodied in technology, people,
and institutions. The central question addressed in this
discussion, then, can be formulated as, Given the present
knowledge about managing land and water for agricul-
tural production, what would be the economic and envi-
ronmental costs of increasing supplies of the two
resources in response to future global demands for food?

Notice that the knowledge at issue here is how to
supply land and water to agriculture along their quantita-
tive and qualitative dimensions. Other kinds of agricul-
tural knowledge—for example, about higher-yielding
crop varieties and fertilizer—are not involved as elements
in land and water supply. Of course, if the focus were on
all the resource conditions for meeting future demands for
agricultural output, as in Crosson and Anderson (1992),
then the supplies of all resources, including all kinds of
knowledge about how to expand agricultural production,
would have to be taken into account,

Figure 6.1 is a schematic depiction of the long-run
global supplies of land or water as they are meant to be
understood conceptually in this paper. The curve depicts
the long-run marginal economic and environmental costs

Figure 6.1—Hypothetical long-run glohal supply
curves for agricultural land and
water

Marginal Costs

Economic and
Environmental Costs

Quantities? of Agricultural Land and Water

Note: The curve could represent the supplies of either land or
water,
8Quantities adjusted for differencas in quality.

of increasing supplics. The curve has the conventional
form of rising at an increasing rate as the supplies of land
or water increase,

The curve incorporates both the quantitative and quali-
tative dimensions of supply. The shapes and positions of
the curve reflects existing knowledge of how to increase
supplies of the resources. Given these supplies, the eco-
nomic and environmental costs of mobilizing the re-
sources will depend on the demand for them. That is,
imagine a demand curve in Figure 6.1 with the usual
downward sloping shape that intersects the land or water
supply curve labeled “Economic and Environmental
Costs” at some point. The area under the curve at that
point would represent the combined economic and envi-
ronmental costs of meeting that demand for land or water.
Since the demand for these resources is derived from the
demand for the goods and services they produce, discus-
sion of prospective costs of land and water supply must
pay some attention to future demands for global agricul-
tural ontput. This is the task of the next section of this
chapter.

A Demand Scenario

Crosson and Anderson (1992) developed a scenario for
the growth of global grain demand between 1988-89 and
2030, They treated the demand for grains as a proxy for
the total demand for food, and henceforth the demand
scenario is understood to incorporate future demands for
all kinds of food. The scenario was based on United
Nations projections of population in the developing and
developed countries from 1990 to 2030; on assumptions
about the rate of per capita income growth and income
elasticities of demand for grain in the developing coun-
tries; and on the assumption that, in the developed coun-
tries, demand for grain would grow only with population,
that is, that the income elasticity of demand for grain in
those countries, as registered at the farm gate, would be
zero over the projection period. (The scenario also as-
sumed that the overwhelming share of the growth in
global grain demand would be for food, not for other uses,
for example, as a feedstock for energy production. See
Crosson and Anderson [1992] for details of the demand
scenario.)

The time period of interest in this discussion is 1990~
2010. The Crosson and Anderson demand scenario is
modified here to fit that period on the assumption that the
average annual rates of increase in demand in their sce-
nario apply equally to the 1990-2010 period. For global
demand the average annual rate of growth is 1.7 percent,
which for the 20-year period gives a 40 percent increase.
In the developed countries, demand grows annually at 0.5
percent, or 10.0 percent over the 20 years. Growth in the
developing countries is much higher—2.4 percent per
year and 61.0 percent from 1990 to 2010, In the develop-
ing countries, demand for feedgrains would increase 2.8
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percent annually, for wheat 2.3 percent, and for rice 1.7
percent. From 1979-81 to 1988-89, the average annual
rates of growth in developing countries’ consumption of
feedgrains, wheat, and rice were 1.7 percent, 3.7 percent,
and 2.6 percent, respectively. The sharp increase in the
growth rate for feedgrains relative to the other two in the
dernand scenario reflects the assumption that, as per capita
income in the developing countries grows, consumers will
increase the share of meat and meat products in their diets.

It is assumed here that farmers around the world would
respond to the demand scenario in ways that would make
most economic sense to them, given existing knowledge
and the many natural, institutional, cultural, and policy
constraints within which they must work. It is assumed
also that public concerns about the environmental costs of
agriculture would be reflected in the policy constraints, In
this setting, the issue of achieving a sustainable global
agricultural system would be set by the point of intersec-
tion of the demand and supply curves for land and water,
and by political judgments of whether the resulting eco-
nomic and environmental costs would be socially accept-
able. As a general proposition, it can be assumed that the
further to the right the intersection point is, that is, the
higher the marginal and total costs of increasing land and
water supplies in response to the demand scenario with no
increase in knowledge, the more likely the costs would be
judged unacceptable. The more unacceptable the costs,
the more pressing would become the policy issue of
developing new knowledge that would reduce the costs of
land and water supply and/or would substitute other more
productive inputs for these resources.

The intersection point of the global supply and demand
curves for land and water in 2010 cannot be estimated.
However, existing information relevant to estimating
long-run supplies of these resources can be analyzed,
given existing knowledge, and the adequacy of supplies
in meeting the demand scenario at acceptable economic
and environmental costs can be judged. While the judg-
ment reached may not be a surprise, the discussion and
analysis on which the judgment is based may be of interest.

Because much of the agriculture of most countries is
linked with that of other countries through trade, supplies
of land and water for agriculture are global in the sense
that countries in which the supplies are relatively scarce
can, through farm commodity imports, draw on the sup-
plies in other countries where the resources are relatively
abundant. More specifically, should the relatively fast
growth of food demand in the developing countries begin
to press hard on their supplies of land and water, these
countries could be expected to draw on supplies in the
developed countries where demand growth, in the demand
scenario, is modest relative to their supplies of the re-
sources. To be sure, a drive for increased food self-suffi-
ciency may lead some developing-country governments
to make less use of the trading option than emerging land

or water resource constraints would indicate to be in the
national economic interest. The strength of the present
trading system indicates, however, that most governments
place high value on the trading option. This is not to say
that the trading system could not be weakened by increas-
ingly protectionist policies. Should this happen it would
diminish the global supplies of agricultural land and
water. Should the trading system be strengthened, global
land and water supplies would be increased. In this dis-
cussion it is assumed that the trading system remains
about as it is now over the next several decades, thus being
neutral in its effects on global supplies of land and water.

Supplies of Land
The Quantitative Dimension

The FAO is the principal source for data on land currently
and potentially in agricultural production. FAO (1991)
estimated that globally land in annual and permanent
crops totaled 1,477 million hectares in 1989. Some 8§03
million hectares were in the developing countries, and 674
million hectares were in the developed countries. The
Soviet Union and the countries of Eastern Europe were
counted as developed countries. On a global scale, another
7,391 million hectares were in permanent pasture, and
forestland—42 percent of this being in the developed
countries and the rest in the developing countries.

The question of interest here is, over the period of the
demand scenario to 2010, how much of the land now in
permanent pasture and forestland could be brought into
crop production without prejudice to the economics of
animal production and at otherwise acceptable economic
and environmental costs? FAO (1993) provides estimates
relevant to an answer for the developing countries, but not
for the developed countries. The lack of such estimates for
the developed countries probably is not a serious con-
straint for present purposes. Among the developed coun-
tries of Western Europe, North America, and Oceania it
seems unlikely that much, if any, potential cropland will
be drawn into crop production over the next 20 years, In
the United States, present thinking is that future domestic
and foreign demands for U.S. crop production probably
will lag behind technology-based advances in crop yields
so that the amount of cropped land likely will decline
some tens of millions of hectares over the next several
decades (USDA 1990). Prospects in other developed
countties have not been assessed in this study here. How-
ever, the group of countries as a whole will likely continue
to hold tens of millions of hectares of potential cropland
over the next several decades. Over the projection period
considered here, any pressure on the potential cropland
resources of the developed countries that might emerge
almost surely would come from rising demands of the
developing countries for food exports from developed
countries, reflecting the inability of the developing coun-
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tries to fully satisfy their own domestic demands at ac-
ceptable economic and environmental costs. Critical
questions about potential supplies of cropland, therefore,
arise in the developing countries. No doubt this is why the
FAQ's estimates of these supplies deal only with the
developing countries.

Table 6.1 shows the FAO’s estimates of land in the
developing countries, excluding China, that now is in
crops as well as land that is in pasture and forestland with
potential for crop production. China is not included be-
cause the FAQ procedures for estimating potential crop-
land could not be applied in that country.* The procedures
drew on FAO country-by-country data on soils and ter-
rain, and on temperature and moisture regimes, The latter
data provided information about the amount of time dur-
ing the year when moisture is available for crop growth,
The soil, terrain, and climate data were used to allocate
land in each country among seven agro-ecological zones,
A computer model was used to test land in each zone for
its suitability for growing each of 21 crops under three
alternative levels of technology. The crops included all
those of any importance in the developing countries,
except coffee, tea, and cocoa, The three technologies were
low (no fertilizer, pesticides, or improved seeds), interme-
diate (some use of these inputs and mechanical tools), and
high (full use of all the inputs characteristic of advanced
commercial agriculture), For each piece of land, the yields
of each crop under each of the three technological alter-
natives were compared with the yields that would be
obtained on land under the same agro-ccological condi-
tions, but with no soil or terrain constraints, termed the
maximum constraint-free yield (MCFY). Any land on
which any one of the 21 crops could be grown with yields
of at least 20 percent of MCFY was judged to have rainfed
crop preduction potential.

The land with crop production potential was further
divided into that judged to be very suitable for this pur-
pose, suitable, and marginally suitable. Very suitable land
is that with soil, terrain, and climatic conditions such that

Table 6.1—Present and potential cropland in 82
developing countries

Actual
Percont of
Presently Potential
Region Potential in Use in Use
(million hectares)

92 countries® 1,815 757 140
Sub-Saharan Africa 797 212 276
Near East/North Africa 16 77 21
East Asia 76 77 99
South Asia 58 201 28
Latin America and the

Caribbean 869 190 357

Source: FAQ 1993,
8China is not included in the 92 countries.

yields would be 80 to 100 percent of MCFY, with any of
the three alternative technologies. Yields on suitable land
would be 40 to 80 percent of MCFY, and on marginally
suitable land yields would be 20 to 40 percent of MCFY,

Table 6.1 indicates that, for the 92 countries, the
amount of potential cropland is 2.4 times (140 percent)
the amount of land now in crops. Some 48 percent of the
potential cropland is in Latin America and the Caribbean,
and another 44 percent is in Sub-Saharan Africa. In these
regions potential cropland exceeds present cropland by
4.6 and 3.8 times, respectively. In East Asia the estimates
for potential cropland—which do not include China, as
indicated above—about equals land now in crops. The
potential increases in cropland are much less in the Near
East/North Africa® and South Asia.

In the demand scenario, demand for food in the devel-
oping countries as awhole increased 61 percent from 1990
to 2010. If over that period all of the potential cropland in
these countries shown in Table 6.1 could be brought into
crop production at acceptable economic and environ-
mental costs, the supply of land would increase 2.4 times,
far more than enough to accommodate the demand sce-
nario, even if yields on the potential land would be much
lower than vields on land now in crop production. The
actual increase in the supply of iand, however, almost
surely would be substantially less than 2.4 times because
the economic costs of bringing all of the potential crop-
land into crop production likely would be higher than
farmers could accept; and the environmental costs likely
would be higher than governments (probably with some
prodding from the global environmental community)
would find acceptable. The likelihood of unacceptably
high costs is discussed below under four headings: costs
of spatial distribution, economic and environmental op-
portunity costs, infrastructure costs, and off-farm sedi-
ment costs.

Costs of Spatial Distribution

Table 6.1 indicates that at present Latin America and
the Caribbean have about 42 percent of the potential
cropland and that Sub-Saharan Africa has 40 percent. It
was pointed out above that, in principle, the existence of
a well-developed global agricultural trading system
makes the supply of land global, but that in fact many
governments, for a variety of political reasons, will not
regard a hectare of potential cropland in another country
as the equivalent of a hectare within their own borders,
Consequently, in Asia, where in the demand scenario
much of'the future increase in demand for food occurs and
potential cropland is very limited, governments are likely
to perceive rising land scarcity despite the existence of
hundreds of millions of hectares of potential cropland in
Latin America, Africa, and the developed countries as a
group. To this extent, the FAQ estimates of potential land
are overstated.
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Economic and Environmental
Opportunity Costs

FAO (1991) estimated that in 1989 the developing coun-
tries, excluding China, had 3.8 billion hectares of land in
permanent pasture and forestland, Some 1.8 billion hec-
tares of this land had potential for crop production (Table
6.1). If these 1.8 billion hectares were brought into crop
production in response to the demand scenario, land pres-
ently in permanent pasture and forestland would decline
47 percent (1.8 billion hectares divided by 3.8 billion
hectares). No projections of future demands for grass- and
range-fed animals or for forest products were made as part
of the this study here, but population and per capita
income growth, especially in the developing countries,
suggests that these demands will increase steadily, if not
sharply, over the next 20 years. Accommodating these
demands at acceptable economic and environmental costs
on 47 percent fewer hectares of the land now devoted to
those uses would require substantial increases in animal

“and timber yields on the remaining land. Whether the
necessary yield increases could be achieved has to be
considered problematic. If yields fail to increase enough
on the reduced land base to satisfactorily accommodate
the higher demands for animal and forest products, the
opportunity costs of converting the pasture and forestland
to crops would rise, constraining the supply of land for
crop production.

Conversion of pasture and forestland also would incur
opportunity costs in the loss of a variety of mostly unpriced,
yet socially important, environmental services provided by
these lands. Grassland and forests, particularly forests, and
more particularly tropical forests, provide a rich habitat for
plant and animal species of high current and potential value.
Hunters and lovers of wildlife spend billions of dollars
around the world enjoying habitat services.

Land clearing, particularly of forests, also incurs op-
portunity costs because of the loss of plant and animal
species clearing entails. Wilson (1989, 108) refers to the
plant and animal gene pool as the store of ‘‘biological
wealth,” and describes it as . . ., a potential source for
immense untapped material wealth in the form of food,
medicine, and other commercially important substances.”
Wilson’s assessment is widely shared, although no one
can accurately estimate the social value of the gene pool.
Even the number of species is unknown; Wilson cited
estimates that range from 1.4 million to 30.0 million.

Whatever the size of the plant and animal gene pool,
there is much agreement within and across countries that
maintaining the pool at some level—many, including Wil-
son, argue not much if any below that at present-—is impor-
tant for the welfare of both present and future generations,

Forests and wetlands, some of which are forested, also
provide valuable social services in connection with the
hydrological cycle. On land with a given topography,

runoff of water from forested land generally is less (infil-
tration is more) than on cleared land. Relative to cleared
land, therefore, forests help to moderate seasonal fluctua-
tions in stream flows as well as fluctuations resulting from
storm events. Wetlands provide similar services.

Property rights in these various environmental services
of pasture and forestlands (including wetlands) are poorly
developed or nonexistent, so markets mediating supply
and demand conditions for the services are weak or en-
tirely absent. The absence of market signals—prices—for
the services leads farmers to underestimate their social
value in making decisions to convert grassland and forest-
land to crops. The world environmental movement, how-
ever, has begun to substitute for markets to register the
social value of the services. The movement, which in-
cludes influential members of the world community,
brings pressure on The World Bank, the U. 8. Agency for
International Development, and comparable agencies in
other more developed countries, and on governments,
especially in the developing countries, to exert more con-
trol on land clearing to protect the various environmental
values under threat. Efforts to persuade the Brazilian and
other governments in tropical areas to slow if not halt
forest clearing provides the most prominent example of
this pressure for control. So far, these efforts have met
with mixed success, but there is every reason to believe
that they will continue. If the perceived values at risk are
in fact high, then in time the efforts to control land
conversion will find a greater measure of success. In this
case, the realizable cropland potential would be less than
the numbers in Table 6.1 suggest.

Finally, continued urban development, particularly in
the developing countries, may increase the opportunity
cost of keeping land in, or converting it to, agricultural
uses, In the work that resulted in Crosson and Anderson
(1992), it was discovered that little reliable data are avail-
able for estimating the amount of land now in urban uses
around the world. The basis for projecting future amounts
of land in urban uses, therefore, is also weak. With the
help of some heroic assumptions, Crosson and Anderson
(1992) nevertheless made such projections. Their conclu-
sions can be stated in four generalizations: (1) over the
next several decades, the conversion of land to urban uses
is not likely to constrain the supply of agricultural land in
the developed countries as a whole; (2) in the developing
countries the amount of present and potential cropland
converted to urban uses will not exceed, and probably will
be less than, 20 percent of the present stock of such land;
(3) African and Latin American countries should be able
to accommodate demands for urban land without seri-
ously depleting the supply available for agriculture; and
(4) in Asia, urban pressure on the land looks to be sub-
stantially greater than in Africa or Latin America. But
even in Asia, urbanization will not likely increase sharply
the opportunity cost of land in agriculture.
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Infrastructure Costs

Most of the potentially cultivable land in South America
is in the humid tropics. Compared to presently cultivated
land, the potential land is far from domestic and foreign
markets, and is poorly connected by road, rail, and air to
those markets. In Africa, this lack of transport infrastruc-
ture is perhaps even more of a constraint to opening new
land to crop production then in South America. According
to a Consultative Group on International Agricultural
‘Research (CGIAR) report (1988), the 14 landlocked
countries of Africa have only 206,000 kilometers of roads,
and the railroad system was developed in the colonial era
primarily to link inland areas with ocean ports through
which exports flowed out and imports flowed in. Conse-
quently Central Africa, with its vast distances from ocean
ports, has no major rail links within the region, a serious
impediment to developing the land resources of the region
for agriculture.

In both Africa and South America, the cost of building
the transportation and communications infrastructure nec-
essary to move inputs to the regions and take production
out has to be counted as part of the cost of realizing the
cropland potential of the two regions, When these costs
are taken into account the amount of economically realiz-
able cropland may be less, perhaps much less, than sug-
gested by Table 6.1.

Off-Farm Sediment Costs

FEroded soil from farmers® fields that is carried by runoff
to waterways may impose a variety of damages, such as
reduced life of reservoirs because of accelerated siltation,
impaired water-based recreational values because of tur-
bidity, increased flooding damage because sedimentation
raises stream beds, and damage to fish-spawning areas in
streams, No comprehensive, global-scale estimates of
these costs have been made, but a review of the literature
by Eckholm (1976) indicated that in many areas, particu-
larly in the developing countries, the costs are high, A
number of more recent World Bank reports are generaily
consistent with Eckholm’s assessment,

Converting all of the 1.8 billion hectares of grassland
and forestland with cropping potential to crop production
would surely result in a vast increase in soil erosion, and
therefore quite likely in costs of sediment damages as
well. On land of a given slope and soil type, erosion is far
less when the land is in grass or trees than when it is in
crops. Indeed, on land of 5 percent o more slops, conver-
sion from trees to crops, particularly row crops, can in-
crease erosion by an order of great magnitude. Since in
many parts of the world concern about sediment damage
costs already is high, the prospect of increasing the costs
by large-scale conversion of grassland and forestland to
crops likely would induce a variety of measures to limit
conversion. To the extent that these measures were suc-

cessful, potential cropland would be less than indicated in
Table 6.1,

Conclusion

The discussion above strongly suggests that the Table 6.1
estimates of potential cropland in the developing coun-
tries greatly exaggerate the amounts of such land that over
the next 20 years could be converted to crop production
at satisfactory economic and environmental costs. FAO
(1993) projects a 93-million-hectare expansion of crop-
land in the developing countries (excluding China) be-
tween 1988-90 and 2010, a 12 percent increase from the
757 million hectares currently in crop production. The
contribution of this additional land to increased produc-
tion probably would be less than 12 percent, because
yields on the additional land almost surely would be less
than yields on land now in production. The 93 million
additional hectares would be only S percent of the 1,815
million hectares of potential cropland {Table 6.1}). FAO
does not explicitly indicate why it believes that the in-
crease in developing-country cropland will be such a
small percentage of potential cropland, but its discussion
of the expansion potential issue suggests that the reasons
would be much like those discussed above,

The Qualitative Dimension

As stated above, the qualitative dimension of land supply
refers to soil characteristics, such as percentage of organic
matter, nutrient content, topsoil depth, soil water-holding
capacity, pH, and bulk density. The more favorable these
characteristics are for plant growth, the higher the quality
of the land is for agricultural production, and measures
deliberately taken to make the characteristics more favor-
able increase the supply of land.

The supply of land can be increased along the qualita-
tive dimension in two ways: by reducing present rates of
land degradation, thus avoiding future losses of produc-
tivity; and by improving the soil characteristics of pres-
ently degraded land, thus increasing productivity.

Reducing Present Rates of
Land Degradation

Definitions of land degradation vary (these are briefly
reviewed in Crosson and Anderson 1992), but they all
have in common the notion of changes in characteristics
of the soil that reduce its per-hectare productivity in plant
production, whether crops or forage for animals. That is
the meaning of the term as it is used here.

Estimating on a global scale how much reducing pre-
sent rates of land degradation would add to future supplies
of land requires knowing what those rates are, and those
rates are not known. This is not to say that estimates of
current rates of land degradation have not been made.
Brown and Wolf (1984) estimated that excessive global
soil erosion, that is, the amount in excess of the maximum
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consistent with maintaining the productivity of the soil
indefinitely, to be 25.4 billion tons annually. Brown
(1990) uses a comparable figure of 24 billion tons, and
asserts that the cumulative effect on ¢rop yields is being
felt “. . . in some of the world’s major food-producing
regions.” Brown provides no evidence to support his
24-billion-ton estimate, nor for assertion about the cumu-
lative yield effects of the erosion. It is assumed here that
the 24-billion-ton estimate is a slight modification of the
earlier estimate in Brown and Wolf (1984).

Brown and Wolf (1984) note that soil erosion data are
available for only a few countries. Their global estimate
of 25.4 billion tons of excessive erosion annually is, in
fact, based for the most part on erosion estimates for the
United States and on a rule of thumb for estimating how
much of that U.S. erosion is ‘“‘excessive,” as that word is
defined above. The estimates of erosion in the United
States are based on well-designed surveys by the Seil
Conservation Service (SCS) of the USDA that were done
in 1977 and in 1982, The two surveys produced very
similar results, including estimates of how much of the
nation’s cropland was eroding in excess of 11 tons per
hectare per year. Eleven tons per year is the rule of thumb
adopted by the SCS to judge where per-hectare erosion is
excessive, that is, where it poses a threat to the long-term
productivity of the soil. The standard of 11 tons per
hectare per year was adopted for SCS technicians to use
in advising farmers on which land should be treated with
soil conservation measures. However, soil scientists, in
or out of the SCS, are not known to consider the standard
as having scientific merit as an indicator of the land to
which erosion in fact poses a significant threat to long-
term productivity. The soil-erosion—productivity rela-
tionships are far too complex and variable among soils
and regions to be captured in a single erosion number,
even for the United States. The relevance to the rest of
world of'the standard of 11 tons per hectare per year must
be even more problematic.

Brown and Wolf (1984) use an erosion estimate for
India, acknowledged by them to rest on far less data than
the U.S. estimate, and the 11-ton standard to estimate
excessive erosion in India. For the then Soviet Union, they
conclude from a variety of data and observations for that
country that ‘it is not unreasonable to assume that Soviet
soils are eroding at least as rapidly as those in the United
States. If 44 percent of the land is affected by erosion at
the same rate as in the United States, which may be a
conservative assumption, the excessive loss of topsoil
from Soviet croplands is over 2.5 billion tons per yeat”
(Brown and Wolf 1984). For China, Brown and Wolfnote
that, although the drainage basin of the Yellow River is
much smaller than that of the Ganges, the Yellow carries
amuch heavier sediment load than the Ganges. They infer
from this that erosion in China must be much higher than
in India, specifically that the erosion rate on China’s

cropland is 30 percent higher than India’s. From this they
derive an estimate of excessive erosion in China.

The sum of the estimates of excessive erosion for the
United States, the Soviet Union, India, and China is 13.2
billion tons. Noting that almost no erosion data are avail-
able for the rest of the world, Brown and Wolf assume that
excessive cropland erosion per hectare in all countries is
the same as in the “big four.” Since the four have 52
percent of global cropland, excessive erosion on the other
438 percent is 12.2 billion tons, giving a global total of 25.4
billion tons.

The boldness of Brown and Wolf in developing their
global estimate commands a certain admiration, but that
the estimate should be taken seriously is highly dubious.
In the literature on erosion reviewed here next, the Brown
and Wolf estimate is not even discussed. The main thrust
of that literature is that no reliable global estimates of
current rates of erosion exist, let alone estimates of their
consequences for soil productivity.

Although the Brown and Wolf (1984) and Brown
(1990) estimates of current rates of soil erosion probably
are most widely known, other estimates also have been
made. One of the most influential studies of the problem
was that of Mabbutt (1984). Mabbutt was concemned about
all forms of land degradation, not just erosion. (He called
the focus of his work desertification, but he meant the
same thing as is meant here by the word degradation.)
Mabbutt’s work was based on a survey done in 1982 of
government officials in *“all countries affected by deser-
tification” (Mabbutt 1984). Respondents to Mabbutt’s
questionnaire were asked to indicate amounts of land that
were moderately desertified (loss of up to 25 percent of
the productive potential of the land), severely desertified
(25 to 50 percent loss of productive potential), and very
severely desertified (more than 50 percent productivity
loss). The results of the survey provided estimates of both
the total amount of land degradation around the world and
its rate of change. With respect to the latter, the results
were interpreted as showing that the productivity of ap-
proximately 20 million hectares was being reduced to zero
annually, and another 6 million hectares were converted
to wasteland. (The distinction between zero productivity
land and wasteland was not clear.) The survey results
showed further that the regions most affected by land
degradation, in descending order, were the Sudano-
Sahelian zone of Africa, Africa south of that zone, and
South Asia.

Nelson {1988) surveyed the evidence for the rate and
extent of land degradation, including Mabbutt’s study.
Nelson pointed out that the meanings of moderately,
severely, and very severely degraded, as used in Mab-
butt’s survey, are subject to varying interpretations. More-
over, the time (1982) of the survey was at the end of a
severe and prolonged drought in Africa, which could have
affected the judgment of African officials about the rate,
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extent, and severity of land degradation. After reviewing
other studies in the land degradation literature, Nelson
concluded that the evidence with respect to the rate,
extent, and severity of land degradation around the world
is “extraordinarily skimpy” (Nelson 1988, 1),

Other specialists in land degradation issues have come
to the same conclusion. Dregne (1988, 679) notes that
estimates of land degradation, including his own, are
based on *“. . . little data and much informed opinion.”
Writing specifically of soil erosion and its productivity
effects, Dregne asserts that “there is an abysmal lack of
knowledge of where water and wind erosion have ad-
versely affected crop yields.” El-Swaify, Dangler, and
Armstrong {1982, 1), authors of the most comprehensive
published study of soil erosion in developing countries,
assert that *“, . . there is little or no documentation of the
extent, impact or causes of erosion . . .” in tropical envi-
ronments, Lal and Okigbo (1990} share these views about
the lack of reliable data with respect to the rate or extent
of land degradation,

Bronger and Bruhn (1988) cite research done at the
International Crops Research Institute for the Semi-Arid
Tropics (ICRISAT) on erosion of the “‘red soils™ of India.
These soils cover about 700,000 square kilometers (40
percent) of the agricultural land in India, and are less than
one meter deep in most areas, Annual erosion by water on
these soils under the traditional cultivation system for
sorghum and pigeonpeas at the ICRISAT site at Hyder-
abad averaged about 3.6 tons per hectare per year from
1975 to 1983, This rate of erosion would remove about
2.5 centimeters of topseil in 100 years (Bronger and
Bruhn 1988). The authors do not consider what the yield
effect of this rate of erosion would be.

In the literature on current rates of erosion around the
world, and especially in the developing countries, the
ICRISAT research as reported in Bronger and Bruhn
(1988) appears to be among the most scientifically sound,
It is of special interest because the red soils of India on
which the research was conducted cover such a large
percentage of the country’s arable area. One must be
cautious in extrapolating the results of the research to the
larger area. However, the research does suggest that,
across that large area, the traditional system for cultivating
sorghum and pigeonpeas produces quite low rates of
water erosion. As noted, the research evidently did not
attempt to estimate the soil productivity effects of the
erosion,

Stocking (1986) used a large body of data collected
from erosion research in Zimbabwe over a five-year pe-
riod to estimate the economic cost to the country of soil
nitrogen and phosphorus carried away by erosion. The
data measured erosion per hectare on private commercial
grazing and arable land and on communal grazing and
arable land. Total losses of nitrogen and phosphorus were
1,635,000 tons and 236,000 tons, respectively. Eighty-

seven percent of the nitrogen and 89 percent of the phos-
phorus were lost on the communal arable land, which
accounted for 50 percent of the 30.4 million hectares in
the four land classes. Stocking assigns international prices
for nitrogen and phosphorus to the estimated quantities of
the lost nutrients and gets an estimate of the total value of
the annual losses of $1.5 billion.

While the details of Stocking’s study are not evaluated
here, several comments are appropriate. If the farmers of
Zimbabwe are in fact losing $1.5 billion annually in soil
nutrients, it is natural to ask why they do not do something
to eliminate, or at least reduce, the losses. One possibility
is that they are ignorant of the losses. This argument has
to confront the now very substantial body of evidence
from all around the world that farmers, including those of
Aftrica, are very knowledgeable about all aspects of their
operations relevant to the productivity of the farm enter-
prise. Regarding Zimbabwe, in particular, the FAO (1986)
notes that many small-scale farmers in that country, using
high levels of fertilizer, very profitably cultivate improved
varieties of maize. These farmers obtain yields of 5 tons
per hectare, at least five times the average maize yields on
some 100 million hectares in subhumid and semiarid
zones in Africa with agro-ecological conditions compara-
ble to those in Zimbabwe (FAQ 1986). Does the use of
much fertilizer by these farmers indicate that they find this
a more economical way to supply the nutrient require-
ments of plants than to supply them by reducing soil
erosion? Perhaps, although this seems doubtful if the
erosion-induced nutrient losses of these farmers were
proportional to Stocking’s estimated $1.5 billion for the
country as a whole.

Grounds exist for thinking that the $1.5 billion estimate
of losses is high. According to The World Bank (1992),
Zimbabwe’s GDP in 1990 was $5.3 billion, and its gross
agricultural product (GAP} was $690 million. Stocking’s
$1.5 billion in nutrient losses is 28 percent of GDP and
2,17 times the GAP. If Zimbabwe’s farmers, including
those on communal lands, are as knowledgeable about
their operations as evidence shows, is it plausible that they
would be either so ignorant of or so disinclined to do
anything about nutrient losses of that magnitude in rela-
tion to their GDP and GAP? While this is possible, it is
highly doubtful. Stocking’s estimate almost surely is sub-
stantially too high.

Only one other study seems to have estimated the
cconomic costs of current rates of soil erosion in a devel-
oping country. Bishop and Allen (1989) used the Univer-
sal Soil Loss Equation (developed in the United States,
but modified by Bishop and Allen, to represent West
African conditions) to estimate cropland erosion in anarea
of Mali comprising about one-third of the nation’s most
productive cultivated land. They then used regression
models of the erosion-yield-loss relationships developed
at the International Institute for Tropical Agriculture
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(IITA) in Nigeria to estimate the impact of erosion in Mali
over a 10-year period. Crop and input prices were used to
estimate the net value of the loss of crop output over the
10 years. The losses were assumed to be cumulative, that
is, the second-year loss equals the loss that year plus the
first-year loss, and so on over the 10 years. The annual
stream of 10-year losses was discounted and summed to
get the present value of the per hectare cumulative loss.
To get an estimate of the value of the countrywide losses,
this estimate was multiplied by the number of hectares in
the country, as a whole, under the crops studied. Under
the most conservative assumptions about the productivity
impacts of erosion, the estimated losses were 1.5 percent
of Mali’s GDP and 4 percent of its GAP. According to
The World Bank (1992), Mali’s GDP in 1990 was $2.45
billion. The Bishop and Allen estimate, therefore, sug-
gests that the cumulative 10-year erosion-induced loss of
agricultural productivity in Mali was about $37 million.

Bishop and Allen are careful to point out that their
findings do not imply that Mali could increase its GDP by
1.5 percent or its GAP by 4 percent by eliminating ero-
slon-induced losses of productivity. The reason is that
erosion control measures cost something. Taking control
costs into consideration, Bishop and Allen concluded that
even with conservative assumptions about the magnitude
of the erosion-induced losses of productivity and rela-
tively high assumptions about control costs, it would be
economical for farmers of Mali to undertake some soil
conservation measures beyond those already in place. In
other words, such measures would increase Mali’s GDP
and GAP but by less than 1.5 percent and 4.0 percent,
respectively.

Summary on Reducing Present
Rates of Land Degradation

Because present rates of land degradation and correspond-
ing effects on agricultural productivity are unknown, the
extent to which halting present degradation would con-
tribute to the future global land supply cannot be esti-
mated. However, Nelson’s (1988) review of the literature
on land degradation suggests that the apocalyptic state-
ments about current rates are greatly exaggerated.
Whatever the current rates of degradation may be, their
productivity effects probably are much closer to the 4
percent of GAP found by Bishop and Allen (1989) for
Mali than to the 2,17 times GAP found by Stocking (1986)
for Zimbabwe. Moreover, Bishop and Allen’s point about
Mali applies generally: measures to control land degrada-
tion are not free. In fact, evidence from the United States
suggests that the marginal costs of control measures rise
as the annual rate of degradation (in this case, erosion by
water) declines (Strohbehn 1986). Consequently, what-
ever present rates of land degradation may be, bringing
them economically under control would add less to future
agricultural production than the rates themselves would

suggest. The contribution of reducing present rates of land
degradation to future land supply would be small relative
to the increase in food demand depicted in the demand
scenario.

Restoration of Presently Degraded Land

Knowing how much land supply could be increased by
restoring the productivity of presently degraded land re-
quires being able to estimate the extent of such land, how
much productivity it has lost, and what the costs of restor-
ing the land’s productivity might be. Nelson’s (1988)
survey of the literature on land degradation indicated that
as little was then known about the extent and severity of
land degradation as was known about current rates of
degradation. Since Nelson wrote, however, two studies of
the present state of land degradation have been published
that have promises of adding significantly to knowledge
in this area. The first such study was by Oldeman, Hak-
keling, and Sombroeck (1991). They (with the help of
numerous collaborators around the world) prepared a
map, with an accompanying explanatory text, showing the
state of human-induced degradation of the world’s soils.
The map covers the earth’s land surface between 72
degrees north and 57 degrees south, an area of 13,013
million hectares.

The map represents four kinds of soil degradation:
water erosion, wind erosion, chemical degradation (loss
of nuirients, soil salinization, urban-industrial pollution,
acidification), and physical degradation (compaction,
waterlogging, subsidence of organic soils). The total de-
graded area is assessed at 1,964 million hectares, 15
percent of the total mapped area. Water erosion accounts
for 56 percent of the 1,964 million degraded hectares,
wind erosion for 28 percent, chemical degradation for 12
percent, and physical degradation for 4 percent.

The work of Oldeman, Hakkeling, and Sombroeck
(1991) clearly is a significant advance in the ongoing
effort to get a global perspective on the extent and severity
of soil degradation. Yet the meaning of “‘degradation™ as
used by Oldeman and ethers is somewhat unclear, making
interpretation of their results difficult. Their map shows
that, for example in the United States, most of the land in
the states of Illinois, Iowa, Kansas, Nebraska, South Da-
kota, and North Dakota is in the category of high severity
of degradation. The problem with this is that, in the six
states, yields of maize, wheat, sorghum, and soybeans (the
principal crops) have been rising steadily over the last 40
years. The yield increases reflect higher-yielding crop
varieties, greatly increased per-hectare use of fertilizers
and pesticides, more irrigation, and improvements in
management.

Some amount of erosion-induced loss of soil produc-
tivity may have occurred in the six-state area over this
period. A study by Crosson and Stout (1983) showed that,
because of erosion from the early 1950s to the early 1980s,
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maize and soybean yields in the early 1980s in much of
this area were 2 or 3 percent less than they would have
been in the absence of erosion. Wheat yields in the area,
however, were not affected by erosion over the period
indicated. These findings, and the yield experience in the
six states since the 1950s, seem clearly inconsistent with
the description of their soils as being severely degraded.

This study here does not include an investigation of
whether similar anomalies may exist in other regions of
the world between actual yield experience and the severity
of soil degradation as indicated on the map by Oldeman
and others. However, as it stands, the map indicates that
at present 84 percent of the mapped area is lightly to
moderately degraded (38 percent lightly, and 46 percent
moderately). If all of the moderately degraded land is as
productive as the land in the six states in the United States,
the real land degradation problems apparently lie with the
16 percent of the area mapped by Oldeman, that is judged
to be strongly degraded (15 percent) to extremely de-
graded (1 percent). If all of the strongly degraded land
could be economically brought to the productivity level
of the moderately degraded land, which is unlikely for
reasons already given, the increase in the supply of land
would make only a small contribution toward meeting the
increase in food demand calculated in the demand scenario.

The other post-Nelson (1988) study of global land
degradation is by Dregne and Chou (1992). The study was
subsequently amended by Dregne (1993) but without
major changes. Dregne and Chou estimated the amount of
degraded land in the “‘dry” areas of the world, by which
they meant arid, semiarid, and dry subhumid climatic
zones. They used a map prepared by the United Nations
Economic, Social, and Cultural Organization (UNESCO)
to identify global dry areas. Within these areas they esti-
mated the amount of land under irrigation, in rainfed crop
preduction, and in range; and hyperarid land used only
under irrigation, as in Egypt. Dregne and Chou did not
consider degradation of nonirrigated land in hyperarid
regions on the grounds that such land has no agricultural
potential. For the other three categories of land use in dry
areas, the principal forms of degradation are in irrigated
land, salinization and waterlogging; in rainfed cropland,
wind and water erosion; and in rangeland, degradation of
vegetative cover.

The degree of degradation in each of the three catego-
ries was categorized as slight, moderate, severe, and very
severe. The degree of degradation is in relation to the
potential plant yield of the land absent degradation, given
the existing technology used, whatever that might be.
Table 6.2 shows the percentages used to define degrees of
degradation.

The rangeland percentages are higher because range
scientists judge rangeland to be in good to excellent
condition if it has lost no more than 25 percent of its
potential productivity. On a global scale, Dregne and

Table 6.2—Land degradation categories

Degradation Category
Land-Use Very
Category Slight Moderate Severe Severe
(percent)
Irrigated and
rainfed cropland 0-10 10-25  25-50 50+
Rangeland 0-25 25-50  50-75 75+

Source: Dregne and Chou (1992).

Chou (1992) found 30 percent of the 145.5 million hec-
tares of irrigated land in dry areas to be moderately to very
severely degraded. The corresponding percentages for the
457.7 million hectares of rainfed cropland and the 4,556.4
million hectares of rangeland were 47 and 73, respec-
tively.

Dregne and Chou’s data were used in this study here
to estimate the percentage losses of productivity in each
of the three land-use categories. For each degradation
category—slight, moderate, severe, and very severe—the
midpoint percentage was taken as the average percentage
productivity loss for that category for each of the three
land uses. For example, slightly degraded irrigated crop-
land and rainfed cropland have lost 0 to 10 percent of their
potential productivity, so the average loss was assumed to
be 5 percent. If moderately degraded, such land has lost
10 to 25 percent of its potential productivity, so the
average loss was assumed to be 18 percent, and so on for
severely and very severely degraded land in those catego-
ries (see above for the relevant percentages). The same
procedure was used to estimate the percentage losses of
productivity in each degradation category for rangeland.
Then, for each land use, the amounts of land in each
degradation category were used to calculate the weighted
average productivity loss for the land use. Finally, because
in terms of lost production, a 1-hectare loss of irrigated
land imposes a higher social cost than a 1-hectare loss of
rainfed cropland, which in turn imposes a higher social
cost than a 1-hectare loss of rangeland, the weighted
average loss of the three land uses taken together were
calculated by weighting the percentage loss for each use
by its per-hectare value of production. These values,
according to Dregne and Chou (1992) were $625 for
irrigated land, $95 for rainfed cropland, and $17.50 for
rangeland. The results of these various calculations were
as shown in Table 6.3.

The total weighted loss of productivity is heavily in-
fluenced by the high per-hectare value of irrigated land
relative to the values of rainfed cropland and rangeland.
On a global scale, in terms of volume of output, irrigated
land is about twice as productive as rainfed cropland, that
is, the 17 percent of the world’s cropland that is irrigated
produces about one-third of world crop output by volume.
By value, Dregne and Chou have per-hectare production
on irrigated land being more than six times as high as on
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* rainfed land, not twice as high. Some of the difference
may be that the advantage of irrigation is particularly
strong in the dry areas studied by Dregne and Chou.
However, even if the per-hectare value of irrigated pro-
duction in dry areas is assumed to be only twice that of
rainfed production—$190 for irrigated and $95 for rain-
fed, using the Dregne and Chou number for rainfed—the
weighted average loss for the three land uses combined
rises only from 11.9 to 13.4 percent.

Conceptually, these numbers are estimates of the maxi-
mum percentage losses of productivity. They cannot be
taken as estimates of the increase in productivity that
could be achieved by full restoration of the degraded land
until the economics of full restoration have been exam-
ined. In this connection, Dregne and Chou (1992, 251)
state that ““probably 98 percent of salt-affected irrigated
lands [the principal kind of degradation of such lands] can
be reclaimed successfully at economically justified
costs.”” Comparable statements about the costs of restor-
ing productivity on rainfed cropland or rangeland do not
seem to have been developed. I, however, those lands
also could be restored at acceptable costs, restoration
would increase the supply of agricultural land in dry areas
by some 10 to 12 percent, taking the three land uses
together. Of course, the contribution to total land supply
would be less than that since drylands are less than half of
global agricultural land.

With all its limitations, of which the authors are well
aware, the work of Dregne and Chou (1992) is a major
contribution to understanding the extent and severity of
global degradation of agricultural land. Like all pioneer-
ing research, its ultimate contribution may be mainly the
stimulus it gives to other researchers to test and refine the
data and procedures the pioneers used. Over time this
effort would build a growing, scientifically warranted
body of knowledge about an issue of major importance in
achieving a sustainable global agricultural system. The
achievement of Dregne and Chou would be magnified
even more if their work were to inspire other researchers
to do for humid areas what they have done for dry areas.

Table 6.3—Degradation losses of potential land
productivity in dry areas

Degradation Loss

L.and-Use Category

{percent)
Irrigated land 10.9
Rainfed cropland 12.9
Rangeland 43.0
Total® 11.9

8 osses in each land-use category are weighted by the per-
hectare vatue of production in each use.

Summary on Restoration of
Degraded Land

The works of Oldeman, Hakkeling, and Sombroeck
(1991) and of Dregne and Chou (1992) significantly in-
crease knowledge of the extent and severity of degraded
land compared with what Nelson (1988) wrote. Neverthe-
less, the two more recent studies still leave analysts well
short of being able to accurately estimate the potential
contribution of land restoration to increasing global agri-
cultural land supplies. If most of the land restoration
potential in the Oldeman, Hakkeling, and Sombroeck
study is in the 15 percent of their mapped area that is
severely degraded, then that 15 percent is the upper limit
to the contribution of restoration to increasing land sup-
ply. The actual limit would be less than that because of
the costs of restoring the severely degraded land.

Asnoted, the upper limit in the Dregne and Chou work
on dry areas would be some 10 to 12 percent, taking the
three land uses together, Unfortunately, no estimates of
degradation on humid land are available that compare to
those of Dregne and Chou for dry land. Perhaps the best
available estimate of the contribution to land supply of
restoring both dry and humid land is that of Oldeman,
Hakkeling, and Sombroeck—something less than 15 per-
cent.

Note that the upper limits of the contribution of land
restoration to increased land supply would hold even if
significant advances were made in knowledge of how to
accomplish restoration within acceptable economic and
environmental costs. The upper limits are set by the
amount of present productivity loss due to land degrada-
tion. Advances in knowledge of lower-cost techniques for
restoration would reduce the difference between the upper
limit and actually achievable restoration, but it would not
raise the upper limit.

The Quantitative and Qualitative
Dimensions Together

Putting the FAO’s (1993) 2010 projection of additional
cropland in the developing countries (some 12 percent)
with the 10 to 15 percent increase suggested by the dis-
cussion of the gualitative dimension indicates that in-
creasing land supply in the developing countries could
increase food production 20 to 25 percent from 1990 to
2010, given the present state of knowledge. This compares
with the 61 percent increase in food demand in those
countries depicted in the demand scenario. Clearly, other
sources of increased production would have to be found
for the developing countries to achieve a sustainable
agricultural system,

Of course, those developing countries where conver-
sion would be least feasible on economic or environ-
mental grounds would have the option of increasing food
imports from developed countries where cropland now is
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and likely will remain abundant. Reference was made
above to the 25 million hectares of cropland now in
reserve programs in the United States and to the expecta-
tions that over the next couple of decades additional land
in that country will be retired from crop production, Given
the very slow rates of increase in food demand in the
developed countries and continued advances in yield-
increasing technologies, it is doubtful that any of them
will run up against increasing land scarcity. The more
likely outcome for the developed countries generally is
declining pressure on their land resources.

Potentially then, the developed countries could ease
some, perhaps much, of the prospective land scarcity in
the developing countries, As noted earlier, however, these
countries—for a variety of economic, social, and political
reasons—would not likely regard potential cropland in the
developed countries as part of their own supplies, cer-
tainly not on a hectare-for-hectare basis. For the develop-
ing countries, therefore, land supply likely would appear
to be a major constraint on their ability to satisfactorily
meet domestic demand for grain and other food crops.

The Supply of Water

The focus of this section is on prospects for increasing
supplies of water to agriculture as a tesponse to the
demand scenario. Two aspects of increased supply are
considered; increasing the quantity and quality of water
for irrigation and increasing the quantity of water avail-
able to plants by “water harvesting.”

Irrigation

In 1986, global irrigated land was 253 million hectares,
This land was 17 percent of global cropland, but it ac-
counted for more than one-third of total world food pro-
duction. The FAO estimates that, from the mid-1960s to
the mid-1980s, the expansion of irrigation acconnted for
over one-half the increase in global food production
(World Bank and UNDP 1990).

The past and present importance of irrigation in meet-
ing world food demand is clear. The critical question now
is how much potential irrigation might have in meeting
future demand as depicted in the demand scenario cover-
ing the next 20 years. The World Bank and UNDP (1990)
estimate that an additional 137 million hectares world-
wide have irrigation potential, but this is speculative be-
cause it is based on estimates of land with only the
physical characteristics needed for irrigation. It does not
take account of the economic, environmental, and other
conditions that must be met for successful development
of irrigation.

The 137 million hectares represent a potential increase
of somewhat more than 50 percent over the presently
irrigated area. Eighty percent of the 137 million hectares
is in the developing countries, with slightly more than half
of them in the Far East. The World Bank and UNDP

{1990) noted that the rate of growth in global irrigated area
slowed in the 1970s relative to the 1960s and that growth
in the 1980s was slower still. The slowdown was attrib-
uted in part to declining world grain prices, but also to
other constraints. Three constraints—economic, manage-
rial, and environmental—are discussed below.

Economic Constraints

The trend of world grain prices will continue to be an
important factor affecting the future of global irrigation.
Since the end of World War I1, the drift of these prices has
been downward as the growth of global supplies of grains
has outpaced the growth of demand for them, Should that
continue, the global demand for irrigation will lag, unless
advances in the technology and management of irrigation
systems lower system costs at least in proportion to the
decline in grain prices. Should the long-term trend of grain
prices be reversed, the demand for irrigation would
strengthen, at least to the extent that economic factors
determine demand. Because this chapter deals with one,
but only one, of the important future determinants of
future global grain supplies (supplies of land and water),
the future trend in world grain prices is not speculated
about further here.

Grain prices are only one of the economic factors
constraining future irrigation development. Another is the
cost of constructing new systems. Postel (1992) asserts
that the costs of building large new surface irrigation
systems have been rising over the last several decades and
that there is little reason to expect that trend to change,
again unless technical breakthroughs bring construction
costs down.,

The high startup cost of these large systems is stimu-
lating interest in smaller-scale alternatives (Postel 1992),
In Sub-Saharan Africa interest is growing in such a small-
scale system—*‘garden irrigation,” in “‘dambos” (Postel
1992). Dambos are production undertakings in wetlands
or swampy areas that dry out enough in the dry season to
permit the taking of a crop drawing on the residual soil
moisture, Much of the appeal of dambos is that the capital
cost of installing them is $100 to $2,500 per hectare, much
cheaper than with large traditional systems (Postel 1992},

Simple, low-cost wells and pumps to tap shallow aqui-
fers as well as rivers and streams offer great potential for
increasing food production and income for farm families in
Sub-Saharan Africa and are stimulating increasing interest
there as a consequence. More than 100,000 hectares in
Niger as well as smaller areas in Chad, Mali, northern
Nigeria, and several other Sahelian countries are underlain
by these shallow aquifers (Poste! 1992; Brown and Thomas
1990; Okigbo 1990; Lal 1987). According to Postel, more
than 100 million people in Africa could benefit from greater
use of these small-scale irrigation projects.

The argument that the irrigation potential of Sub-
Saharan Africa could most economically be realized by
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way of small-scale projects seems to have considerable
support from knowledgeable people in that field. The
evidence supporting this position seems to be mostly
anecdotal, but where it exists the evidence seems reason-
ably firm. Whether a comparably strong argument for
small-scale irrigation can be made for Latin America and
Asia is not clear; at least, comparable support for the
argument was not found in the literature reviewed for this
study (with the possible exception of tubewell irrigation
relative to large surface water systems in South Asia,
discussed in the next section).

Managerial Constraints

The quality of management is an element in the economic
cost of constructing and operating irrigation systems, so
management quality could be treated among the economic
constraints. However, the literature on irrigation gives so
much emphasis to the management factor that it deserves
separate treatment. The emphasis here is on the develop-
ing countries, because most of the global irrigation poten-
tial is in those countties and it is there that the greatest
pressure for more irrigation will be felt.
' The FAQ, as reported in World Bank and UNDP
(1990), takes the position that the problems of irrigation
performance in the developing countries are largely
managerial. Evidence supporting this position is common
in the literature. The World Bank and UNDP (1990) assert
that more than half of the irigated area in the world today
is in need of rehabilitation or modernization. The World
Bank (1991), in a study of irrigation performance in India
stated that field observations from all states in India,
indicated that all of them suffer in varying degree from
inadequate maintenance expenditures for irrigation, The
World Bank report goes on to say that spending on irriga-
tion in India increased substantially in the early 1980s, but
most of it went to increase staff numbers and had little
irmpact on production.

The World Bank and UNDP (19%0) reported a general
perception that irrigation systems in the developing coun-
tries operate well below design capacity. In many places,
the area actuoally irrigated is substantially less than the
command area and cropping intensities (the number of
crops taken per hectare per year) are less than expected.
Much water is wasted in transmission losses and because
of “inadequate, unreliable, and untimely water deliver-
ies”” (World Bank and UNDP 1990, 19). In addition, much
of the construction work on irrigation systems is shoddy,
projects frequently are left unfinished, and monitoring of
salinity buildup and waterlogging of the soil is deficient.
Some of these problems probably reflect budgetary con-
straints on governments, but the World Bank and UNDP
share the FAQ view that the primary constraint is poor
management.

Poor management also is frequently cited as the reason
why in many surface irrigation systems water-use effi-

ciency (WUE), the percentage of available water that is
applied to farmers’ fields, is low. Rosegrant (1991) asserts
that, in Asia, WUE in many and perhaps most such
systems varies between 25 and 40 percent. From such
appraisals, several observers have concluded that im-
provements in WUE could significantly expand the irri-
gated area or increase crop yields, or both, without major
new investments. However, Rosegrant (1991) casts some
doubt on the potential of improvements in WUE as a
source of increased irrigated production. He notes that the
low estimates of WUE typically are for individual systems
rather than for a series of linked systems in which water
is used and reused as it moves downstream, When reuse
is taken into account, WUE on a basinwide scale can be
substantially higher than for any single component of the
system. As an example, Rosegrant cites Egypt, where
WUEs for individual components of the Nile system are
as low as 30 percent, but WUE for the whole system is
about 70 percent.

The discussion here of management constraints deals
almost exclusively with management of large surface-
water systems financed, built, and operated by govern-
ments., However, much current irrigation in the
developing countries and even more of the increase in
irrigation in the last couple of decades has been through
private investment in tubewells. In India, where this form
of irrigation probably is most developed, 21 million of the
nation’s 43 million net irrigated area was watered by
tubewells in 1986-87, almost all of them privately fi-
nanced and managed. Moreover, from 1967-68 to 1986~
87, 76 percent of the addition to net irrigated area in India
was from this source (Rosegrant 1991). Tubewell devel-
opment was also of major importance in the expansion of
irrigation in Pakistan and Bangladesh in this period.

Although some observers have expressed concern that
tubewell expansion may be inequitable because only the
more wealthy farmers can afford the necessary investments,
Rosegrant (1991) cites studies in India and Pakistan that
counter this argument, Rosegrant asserts that, in fact, “in-
equalities in rural areas of high tubewell penetration are
dwindling and benefits emanating from new technology are
widely shared with small and medium farmers™ (p. 39). The
reason is that excess capacity in the larger tubewell systems
has fostered competition among owners of these systems to
provide water to other farmers, which has resulted in well-
developed markets for the resource. This has inhibited
collusive behavior among tubewell owners and provided
water to farmers too poor to invest in their own wells,
Rosegrant (1991) concludes that, as a device for expanding
irrigation, tubewells are attractive on both economic-effi-
clency and equity grounds.

Rosegrant does not specifically conirast the economic
efficiency of privately financed and managed tubewell irri-
gation with that of large, publicly financed and managed
surface water systems. However, in general tubewell irriga-
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tion appears to have a strong efficiency advantage. This
should not be surprising. Those who invest their own money
in installing and operating tubewells reap the resulting
benefits and pay the corresponding costs. They have incen-
tive, therefore, to maximize the former relative to the latter.
Those in government agencies that build and operate large
surface systems have no comparable incentive.

Environmental Constraints

In this section salinization and waterlogging associated
with irrigation are considered as environmental con-
straints, although strictly speaking, they are not because
their productivity effects show up in market prices. This
is true to the extent that the two phenomena affect agri-
cultural productivity and the costs of cleaning up irriga-
tion return flows so that they can be used for
nonagricultural purposes, for example, residential, com-
mercial, and industrial. But in the literature, salinization
and waterlogging are treated as environmental conse-
quences of irrigation, so to avoid confusion they are
treated that way here.

The problems of defining and measuring the magni-
tude of irrigation-related salinization and waterlogging
are illystrated in the work of two of the most prominent
researchers in this field, Dregne and Postel. Dregne and
Chou (1992) concluded that 30 percent of the 145 million
hectares of irrigated land in dry areas is moderately to very
severely degraded by salinization and waterlogging. In
her most recent work on the subject, Postel (1992) states
that on a global scale some 25 million hectares of irrigated
land (10 percent of the total) appear to suffer crop-yield
losses induced by salt buildup. The Dregne—Chou and
Postel estimates of the amount of salt-affected irrigated
land are incompatible. Thirty percent of 145 million hec-
tares in dry areas is 43.5 million hectares (Dregne and
Chou 1992), 18 million hectares more than the Postel
estimate of 25 million hectares in both dry and humid
areas.

Which of these estimates is more accurate is open to
question. Perhaps for present purposes, the differences are
not very important, Both the Dregne—Chou and Postel
estimates indicate that eliminating all salt-induced dam-
ages to presently irrigated land would add little to crop
output relative to the increase in crop demand depicted in
the demand scenario.

The literature reviewed does not suggest that saliniza-
tion and waterlogging are likely to more tightly constrain
the expansion of irrigated output in the future than in the
past. In fact, the wide recognition and importance now
accorded to avoiding these threats to irrigated land suggest
that they may be less constraining to future irrigation
expansion than they have been to date.

Other environmental consequences may prove more
important in limiting development of apparent global

irrigation potential, The growth of irrigation in the devel-
oping countries over the last 40 years has been accompa-
nied with the spread of water-related diseases, such as
malaria, onchocerciasis (river blindness), and schis-
tosomiasis (bilbarzia) (Jensen, Rangeley, and Dieleman
1990). The building of large dams for irrigation has also
disrupted ecosystems upstream from the dam because of
reservoir flooding, and downstream by disrupting sea-
sonal flows of the river and changes in the saline content
of water in estuaries. Rising concern about these human
health and ecological consequences of large irrigation
systems could constrain their further expansion. These
environmental concerns would add to what appears to be
economic factors moving against large surface-water sys-
tems relative to smaller systems, as noted above.

In the developed countries and in some developing
countries, irrigation also is confronting increased compe-
tition for water to maintain or enhance environmental
values, In the United States this source of demand for
water already is strong and has emerged as a major com-
petitor with agriculture for water in the arid and semiarid
regions of the country (Frederick 1991). The combination
of increasing population, particularly urban population,
and per capita income in developing countries seems sure
to stimulate rising demand for water-based environmental
services in those countries as well. Some of this demand
likely would reflect existence values, for example, de-
mand to maintain in-stream water flows at a level high
enough to protect aquatic ecosystems because of a per-
ceived intrinsic value of such systems. Some of the rising
demand for environmental services of water no doubt
would be for fishing and other recreational uses of the
water. The strength of future demands for environmental
services of water cannot now be predicted with any con-
fidence, but increasing population and per capita income
suggest that demand will continue to rise. That this would
constrain the future expansion of irrigated agriculture
seems likely.

Water Harvesting

Water harvesting is the taking of measures to slow
runoff of precipitation from farmers’ fields, thus increas-
ing infiltration of water to the crop root zone, where it is
available to support more robust plant growth. The fun-
damental physical framework of water harvesting systems
is a set of ridges and bunds on farmers’ fields designed to
channel and hold runoff in places where it can contribute
most to crop growth (Critchley, Reij, and Seznec 1992).
The advantages of water harvesting as a technique for
increasing water supply in dry areas are widely noted in
the literature (for example, FAQ undated; Seckler, Gollin,
and Antoine 1989, Tiffin and Mortimore 1992; Brown
and Thomas 1990). The most fully developed discussion,
however, is that by Critchley, Reij, and Seznec (1992).
Although the productivity advantages of water harvesting
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in dry regions have been widely recorded, Critchley, Reij,
and Seznec (1992, 1) emphasize that the technique is not
a panacea for crop production under drought conditions;
not, according to these authors, should water harvesting
be regarded as a freestanding technique but rather “. . . as
one element of village land use management.” They also
emphasize that water-harvesting development should al-
ways be accompanied by improvements in plant hus-
bandry to capture the benefits of the increased moisture.
These improvements include weed control, fertility man-
agement, and “‘opportunism” with respect to the timing
of planting. Fertility management is most important be-
cause fertility often is the most limiting factor to plant
growth, after moisture. With respect to fertility manage-
ment, Critchley, Reij, and Seznec mention use of manure
and composting. No doubt inorganic fertilizer also could
play a role in fertility management if it were available on
economically attractive terms to farmers.

As a technique for increasing water supply, water
harvesting would seem to have special promise for Sub-
Saharan Africa because so much of that region is arid,
semiarid, or subhumid. And indeed the literature suggests
that much of the experience with water harvesting has
been in Sub-Saharan Africa. However, Critchley, Reij,
and Seznec (1992) assert that little is known about tradi-
tional water-harvesting practices in that region. More is
known about governmental attempts to foster wider use
of water harvesting, and that experience indicates that by
and large these attempts have not been very successful,
According to Critchley, Reij, and Seznec, farmers in
Sub-Saharan Africa have been reluctant to adopt these
officially promoted practices, or to maintain them after
program support has lapsed. The principal reasons are that
installation of the systems is typically labor intensive and
the systems themselves have complex designs not well
understood by the farmers and often are incompatible with
traditional food production strategies. Moreover, farmers
often have perceived the payoffto the officially promoted
systems to be too long-term for their interests.

Critchley, Reij, and Seznec (1992) also argue that
ambiguity about property rights in land improved by
water harvesting has affected farmers’ incentives (some-
times negatively, sometimes positively) to adopt the prac-
tices. In some areas (the authors cite Somalia), farmers
have built bunds for water harvesting because they believe
that this will strengthen their claim to the improved land.
In contrast, the Kelta Valley of Niger is cited as a case
where ambiguity about property rights had negative in-
centive effects. According to the authors, farmers in that
region refused to adopt water-harvesting techniques be-
cause of fear that the former owners of the land, who had
abandoned it, would reassert a claim to it after the land
had been improved.

Water harvesting undoubtedly has promise for increas-
ing the watet supply in dry areas. However, the admoni-

tion of Critchley, Reij, and Seznec (1992) that the tech-
nique is not a panacea and must be accompanied by
improvements in cultivation practices must be kept in
mind when weighing the potential of water harvesting.
The smali scale of water harvesting is consistent with the
view noted above that the economics of future growth in
irrigation likely will favor smali-scale projects. The expe-
rience in the Machakos region of Kenya suggests that the
small scale of water harvesting puts the practice within the
resource capacity of small farmers, and that they will
adopt the practice if market and other economic condi-
tions are favorable. The lack of success with governmen-
tally promoted water harvesting projects in other parts of
Sub-Saharan Africa suggests that governments should
take a second look at how best to proceed to encourage
wide adoption of the practice.

General Conclusion on Prospects

for Increasing Global Supplies of

Land and Water

This discussion suggests that there may be more potential
for increasing the supplies of land and water, especially
of land, with present knowledge than is commenly be-
lieved. In the developed countries, agricultural land is
likely to become increasingly abundant. This is unlikely,
however, to overcome much of the increasing land scar-
city in the developing countries because of pressures in
those countries toward greater food self-sufficiency.
Given present knowledge, therefore, maximum realiza-
tion of potential land, and water, supplies at acceptable
economic and environmental costs in the developing
countries still would leave them well short of the produc-
tion increases needed to meet the demand scenario over
the next 20 years.

What then might be done to overcome the impending
land and water scarcities in the developing countries? This
is not the place for an extended discussion, but several
points can be made. One is to emphasize the importance
of maintaining a strong international trading system in
agricultural commodities. The developing countries may
not take advantage of the system to ease their emerging
land and water scarcities to the extent that might be
indicated by strictly economic criteria. Nevertheless, it is
imperative that countries that find themselves running up
against unacceptable economic and environmental costs
of increasing land and water supplies have the option, at
least, of substituting food imports for domestic produc-
tion.

Other points concern the agricultural research agenda
for both international and national research systems (in-
ternational agricultural research centers [IARCs} and
national agricultural research systems [NARSs], respec-
tively). Research to increase land and water supplies along
both their quantitative and qualitative dimensions may
have higher payoff relative to traditional commodity
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research than is generally believed. This might be so even
if attention were focused only on the strictly economic
returns to the two lines of research. However, with the
increasing recognition among both IARCs and NARSs of
the importance of taking account of natural resource de~
pletion and environmental consequences of agriculture,
the case for more attention to research on increasing
supplies of land and water is even stronger.

Several aspects of this research merit comment here.
One is to emphasize the importance of getting better
information about the current states of and rates of change
in land and water supplies. The works of Oldeman, Hak-
keling, and Sombroeck (1991) and of Dregne and Chou
{1992) significantly add to this kind of knowledge.
Dregne and Chou, in particular, have made a contribution
because of the regional and land-use detail in which they
presented their estimates. But Dregne and Chou empha-
size that their work is based on very poor quality data.
Research is needed to strengthen the database on which
analysis of the kind they did must rely, and of course their
work on dry areas needs to be extended to humid areas as
well. Without this kind of knowledge, the IARCs and
NARSs cannot properly estimate the potential payoff to
research on increasing land and water supplies relative to
the payoff to commodity research.

As they expand their agenda to incorporate research on
increasing supplies of land and water along with tradi-
tional commodity research, the TARCs and NARSs will
find themselves on unfamiliar terrain, Properly account-
ing for the unpriced environmental costs of increasing
land and water will present particularly intractable prob-
lems. Institutional issues, particularly those concerning
property rights and their effects on farmers® incentives to
adopt new land and water management techniques, will
require more attention than usually has been the case in
commodity research,*

Success in meeting the demand scenario at acceptable
economic and environmental costs will require continued
strong progress in developing new knowledge about
yield-increasing technologies for grains and other kinds
of food. However, advances in knowledge about how to
increase supplies of land and water likely would make an
important contribution as well. A major challenge now to
the IARCs and NARSs is to continue and to accelerato the
work many of them already have begun to better define
these land and water research issues and to make them
integral parts of their research agendas.

Notes

1. FAO (1991) shows that cropland in China declined
from 102.0 million hectares in 1974 to 96.1 million
hectares in 1989, The 1989 figure is about 11 percent
of the total of China, plus the 757.0 million hectares
in other developing countries (Table 6.1). FAO
shows that land in permanent pasture in China was

constant from 1974 to 1989 at 319.1 million hectares.
Forestland declined from 142.2 million hectares to
126.5 million hectares. The declines in cropland and
in forestland were exactly offset by an increase in
other land, which in 1989 totaled 391.0 million hec-
tares. Any changes that might occur in the demand
for or supply of cropland in China over the next 20
years would not likely affect the main line of argu-
ment here about future global and developing country
land supplies. ‘

2. FAQ’s definition of “Near East” is used here, to
include Afghanistan, Iran, Iraq, Jordan, Lebanon,
Saudi Arabia, Syria, Turkey, and Yemen.

3. Much of this section is taken from Crosson and
Anderson {1992).

4. For a discussion of the implications for agricultural
research institutions increasingly concerned with
natural resource and environmental issues, see Cros-
son and Anderson (1993).
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Comment on Chapter 6

FUTURE SUPPLIES OF LAND AND WATER
ARE FAST APPROACHING DEPLETION

By Lester R. Brown

In his chapter, Pierre Crosson has done a masterfusl job of
identifying many of the key points that should be consid-
ered in looking ahead at the future availability of land and
water for food production. This long and detailed study
contains much useful information and a number of key
concepts. Rather than try to elaborate on the details in
Chapter 6, I would like to supplement Crosson’s thinking
by identifying what I think are some potentially new
issues in world agriculture.

First, the land question. Here [ would like to focus on
grain harvested area, rather than cropland more broadly,
simply because the former is a much more precise meas-
ure. From 1950 to 1993, the world grain harvested area
increased from 593 million hectares in 1950 to an all-time
high of 735 million hectares in 1981. Since 1981, it has
declined, dropping to 679 million hectares in 1993
(USDA 1993a).

The Industrial Countries

The historical trend shows some distinct changes, During
the early 19350s, for example, the increase in grainland
area is largely the result of the virgin lands project in the
former Soviet Union. From the mid-1950s until the early
1970s, the world grain area was relatively stable, though
increasing slightly (Figure 1). After the Soviets secretly
comered the world wheat market in 1972 to offset a
domestic crop shortfall, world grain prices doubled and
remained high for the next four years. In response, two
countries in particular, the United States and the former
Soviet Union, increased their grain planting rather sub-
stantially, boosting the world harvested grain area from
664 million hectares in 1972 to 719 million hectares in
1976, an increase of 8 percent (USDA 1993a).

This effort to expand the world’s grain area, in re-
sponse to higher prices, ended in a massive retrenchment
because, unfortunately, much of the expansion in both
countries came on land that was highly erodible and not
capable of sustaining cultivation over the long term.

After peaking at 123 million hectares in 1977, the
former Soviet Union’s grain harvested area has dimin-
ished nearly every year since then, dropping to 99 million

hectares in 1993 as the fast-eroding land was planted to
soil-stabilizing forage crops or abandoned (USDA
1993a), as shown in Figure 2. In the United States, the
response to the heavy erosion of topsoil was the creation
of the Conservation Reserve Program. Enacted by Con-
gress in 1985, this program was designed to convert
highly erodible grainland to grass or trees before it became

Figure 1—World grain area, 1950-93
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Figure 2—Former Soviet Union grain harvested
area, 1950-93
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wasteland. Between 1985 and 1993, some 14 million
hectares of the most erodible cropland were planted to
grass or trees, most of it to grass, as it was in the Great
Plains (USDA 1993b). The bottom line is that much of'the
land brought into production in the 1970s in response to
high grain prices should never have been plowed in the
first place.

One other modest source of additional cropland is that
idled under U.8. commodity supply management pro-
grams. But with world carryover stocks of grain in 1994
at one of the lowest levels since the mid-1970s, USDA
has released all grainland for production in 1994 (USDA
1993a).

The experience of the former Soviet Union and the
United States during the 1970s suggests that there is little
prospect for expanding the cropland area in a way that is
both econemically profitable and environmentally sus-
tainable. This, combined with limited possibilities for
expanding the cultivated area in Western and Central
Europe, leave little hope for expanding the cultivated area
in the northern tier of industrial countries.

Africa and Latin America

1 would like to look quickly at the prospects in Africa and
Latin America before turning to the prospects for Asia,
which I think is becoming the central question.

Africa is a region that is largely semiarid, where lack
of water is a severe constraint on efforts to expand pro-
duction, Many often ask why a Green Revolution has not
occurred in Africa, The answer is simple: Africa does not
have the water needed for such a revolution. Its agricul-
tural prospects are much more similar to those of semiarid
Australia than of Asia. Over the last four decades, Austra-
lia's farmers have managed to raise wheat yields by
roughly half, while their counterparts in Asia, Europe, and
North America have doubled, tripled, or quadrupled their
wheat yields (USDA 1993a). In looking ahead over the
next four decades, Africa is not likely to do much better
than Australia has over the last four decades.

Figure 3—Grain production, Brazil, 1950~-93
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As a continent, Africa is not richly endowed in agricul-
tural terms. With a few exceptions, such as the Nile
floodplain, its soils are typically thin and highly erodible.
Already agriculture has expanded onto a lot of marginal
land that will not sustain cultivation over the long term. It
would not be realistic to expect a major contribution to the
future growth in world food production from Africa.

The prospects for expanding the grainland area in
South America are centered on Brazil, which dominates
the continental land mass. Between 1950 and 1986, Bra-
zil’s grain harvested area increased from 7 million hec-
tares to 25 million hectares (Figure 3), Since then, it has
declined, shrinking to 19 million hectares in 1993, This
has happened even though Brazil has been a net grain
importer for some time. Indeed, in 1993 it imported wheat,
corn, and rice (USDA 1993a).

At present Brazil’s corn yields average 2.4 tons per
hectare, roughly one-third those of the United States
(USDA 1993a). Further expansion of Brazil’s grain area,
which is mostly planted to corn, would be on land that is
even less productive, which at least suggests that any
substantial expansion in the grain area in Brazil will come
only at prices that are much higher than they are today.

If world grain prices were to rise sharply to, say,
roughly double those of the early 1990s in real terms, the
area planted to grain in Brazil would likely start to expand
again. Some significant expansion would aiso be likely to
occur in Argentina. In the absence of grain prices that are
much higher than those of the early 1990s, little expansion
in grain harvested area in Brazil or in Argentina is likely
to occur.,

Focusing on Asia

The key question is, What are the prospects for expanding
the grain area in Asia, where half the world’s people live?
This boils down to the question of what happens to grain
area and grain production when countries that are already
densely populated industrialize rapidly. Asia is assumed
to be following a path similar to Europe, but it is not.
Europe’s industrialization cccurred at a time when crop-
land per person was relatively abundant. Even today
Europe still has a relatively generous endowment of crop-
land per person compared with Asia. In addition, Europe’s
population growth essentially came to a halt while its
yields were still rising, thus accounting for the sizable
exportable grain surplus that has developed in the region
in recent years (USDA 1993a; PRB 1993),

Looking at three countries in East Asia that have
already reached a high level of industrial development—
Japan, South Korea, and Taiwan--can help in gaining
some insights into how industrialization affects agricul-
ture, specifically grain self-sufficiency, in densely popu-
lated countries. What is apparent is that, as densely
populated countries industrialize, they go through certain
stages,
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In the first stage, the area harvested expands with the
process of overall modernization; the adoption of higher-
yielding, earlier-maturing varieties permits more double
cropping,. Irrigation expansion also facilitates an increase
in cropping intensity as it permits cropping during the dry
season, Mechanization helps to speed up the harvest and
to prepare quickly the seedbed for the next crop, reducing
the turnaround time from one crop to the next. The grow-
ing use of fertilizer maintains soil fertility, even with
continuous, year-round cropping (USDA 1993a; FAOQ,
Fertilizer Yearbook and Production Yearbook, various
years),

At some point, as industrialization progresses, the har-
vested area begins to decline, Labor costs rise, making the
cultivation of some of the smallest plots uneconomical
and reducing the labor needed to facilitate a rapid turn-
around from one crop to the next in multiple cropping
sequences. As industrialization progresses, cropland is

converted to industrial sites for building factories, ware-

houses, and access roads. Creating jobs in industry re-
quires land. As modernization progresses, the use of
antomobiles and trucks increases and land is paved over.
As living standards rise, so do the nonfarm claims on
cropland, whether it be in the form of residential housing;
shopping centers; or recreational areas, such as golf
courses.

. With the decline in harvested area under way, it is only
a matter of time until the loss in grain area begins to
override the rise in grain yield per hectare, leading to the
onset of a decline in production as well.

Meanwhile, as countries move through these stages,
population continues to grow, albeit at a slower rate.
Incomes, however, are typically rising rapidly. So in this
latter stage, production is falling and demand is rising. The
result is an extraordinary growth in imports.

To simplify this discussion, the grain harvested area
for Japan, South Korea, and Taiwan has been aggregated
into a single trend for 1950-93 (Figure 4). It peaked in
1956 at 7.9 million hectares. Since then, it has declined
steadily, falling to 4.2 million hectares in 1993, a decline
of 47 percent (USDA 1993a).

Grain production in the three countries continued to
rise until 1967, when it peaked at 23.3 million tons. By
1993, it had dropped to 15.2 million tons, a decline of 35
percent (USDA 1993a), as shown in Figure 5.

Meanwhile, grain consumption in the countries had
increased steadily, reaching a total of 64 million tons in
1993. With production at 15 million tons, this meant that
imports had soared to 47 million tons or 73 percent of
consumption. By contrast, in 1960, these three countries
imported less than 6 million tons of grain, or 21 percent
of their consumption (USDA 1993a).

The question now is what happens to agricultural pro-
duction in China, India, and Indonesia, for example, as
they industrialize. A look at China shows that grain har-

* vested area, excluding the period surrounding the Great

Leap Forward, peaked in 1976 at 96 million hectares.
Since then, it has declined, dropping to 88 million hectares
in 1993, In recent years, China’s rate of industrialization
has accelerated, exceeding even that of the three smailer
countries at a comparable stage. Grain production reached
342 million tons in 1990 and has been fluctuating around
that level during the three years since then (USDA 1993a).

Is grain production in China about to start declining for
the same reasons that it did in each of the other three
densely populated countries, and will demand continue to
rise steadily as it did in the other three countries? If China
continues to industrialize rapidly, albeit not necessarily as
fast as the last few years, its grain production is almost
certain to decline. For one thing, its yield per hectare of
rice is already approaching that of Japan. Agronomically,
China has a somewhat larger area of grainland per capita
than each of the other three countries at a comparable stage
of their industrialization, but part of this is land in semiarid
regions that grow dryland wheat (USDA 1993a).

Figure 4—Grain harvested area for Japan, South
Korea, and Taiwan, 1950-93
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Figure 5-—Grain production for Japan, South
Korea, and Taiwan, 1950-93
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The three smaller countries each faced a diversion of
cropland from agriculture on a scale that affected produc-
tion, but China’s farmers also face a diversion of water
from agriculture on a scale that could affect production.
In northern China, many farmers have gone from irrigated
agriculture back to rainfed farming simply because water
traditionally used for irrigation has been diverted to indus-
try and to cities, such as Beijing and Tientsin (Smil 1993).

How large could China’s grain deficit become? China
has been a small net importer on average during the early
1990s, importing only 2 to 3 percent of its needs. If it were
to import as much as 10 percent of its needs, a far cry from
the 73 percent of the other countries, it would require 34
million tons of grain, making it overnight the world’s
fargest grain importer by far (USDA 1993a).

An analysis by Garnaut and Ma (1992) of China’s grain
prospects, undertaken for Australia’s Department of For-
cign Affairs and Trade, projects grain imports for China
reaching as much as 50 to 100 million tons by the end of
this decade. If China continues to industrialize rapidly,
this could well happen. The prospect that China could be
needing to import as much grain by the end of this decade
as the United States exports, which has averaged weil
below 100 million tons annually in recent years, raises
some rather profound questions for the other 100 or so
countries that now import grain from the United States.

The grain area in Asia now seems likely to shrink in
the decades ahead. If that is the case, will the need for
imported grain climb dramatically? If so, will exportable
supplies be sufficient to satisfy the potential burgeoning
of import demand or will supplies tighten, leading to a
reversal in the historical decline in grain prices?

Some insight into the answer to these questions could
come soon. In each of the last three years, world rice
consumption has exceeded production, drawing rice
stocks down to the lowest level in 20 years. The result has
been a doubling of the world rice price since the end of
August 1993. The key question is whether the rice pro-
ducers of Asia were able to accelerate the growth in
production enough in 1994 to catch up with and overtake
the growth in demand. If so, stocks can be rebuilt and
prices can ease downward. If not, then high rice prices
could join high seafood prices as part of the economic
landscape (USDA 1993a; Chicago Board of Trade 1993;
Wall Street Journal, various dates),

The Water Prospect

A review of the growth in world irrigated arca shows that,
from the beginning of irrigation until 1950, the area
irrigated expanded until it reached 94 million hectares.
Between 1950 and 1978, irrigated area expanded much
more rapidly than population, averaging 2.8 percent per
year ag it expanded from 94 million hectares to 206
million hectares. Since 1978, however, growth in irrigated
area has slowed. Going from 206 million hectares in 1978

to 241 million hectares in 1991, it expanded at 1.2 percent
per year. As shown in Figures 6 and 7, the result is that
irrigated area per person has fallen by 6 percent over this
period (FAO, Production Yearbook, various years).

Irrigated area will continue to increase for the indefi-
nite future but is unlikely to increase as rapidly as popu-
lation. Exactly what the net growth over the long term will
be is unclear. A substantial share of the area now irrigated
is being irrigated by the unsustainable use of underground
water. In some cases, as in the southern Great Plains of
the United States and in Saudi Arabia, irrigation is based
on the use of fossil aquifers. In the southern Great Plains,
specifically in the area of the Texas panhandle, some
irrigated land has already gone back to dryland farming
as the shallow southernmost fringe of the vast Ogallala
aquifer is depleted (Postel 1993).

In addition, irrigation in many areas is based on over-
pumping of underground water, pumping at a rate that
exceeds the rate of aquifer recharge. In the world’s three
leading food-producing countries, China, the United
States, and India, overpumping is now commeonplace. The

Figure 6—World irrigated area per person,
1950-91
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Figure 7—World irrigated area, 1950-91
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USDA, for example, has estimated that a quarter of U.S.
cropland is irrigated by lowering underground water ta-
bles (Sloggett and Dickason 1986).

In China, irrigation is threatened by a growing scarcity
of fresh water throughout much of the country’s northern
regions (Fraser 1986; Postel 1984; Sloggett and Dickason
1986). Few realize how tight the water supply has become
throughout northern China. In late 1993, the Chinese
Minister of Water Resources, Niu Maosheng said, . .. in
rural areas, over 82 million people find it difficult to
procure water. In urban areas the shortages are even
worse. More than 300 Chinese cities are short of water,
and 100 of them are very short.” The aquifer under
Beijing has dropped from 5 meters below the surface in
1950 to 50 meters below in 1993 (Smil 1993),

There is also evidence of overpumping in India. Al-
though no groundwater study comparable to the USDA
survey has been done, several states have reported that
water tables are falling and that wells are going dry. In
Tamil Nadu, a water-short state on India’s eastern coast,
the water table in some areas fell 25 to 30 meters during
the 1970s. In Maharashtra, on the west coast, competition
is growing between large-scale producers of commercial
crops, such as sugarcane, and local villagers who are
producing food staples for local consumption. As com-
mercial growers invest in deeper wells, they lower the
water table, and the shallow, hand-dug wells of the villag-
ers go dry (Ali 1987; Joshi 1988; Vohra 1986).

A recent study shows that even in the Punjab, India’s
breadbasket, overpumping is lowering the water table,
With the introduction ofthe high-yielding, early-maturing
wheats and rices in the 1960s, the opportunity developed
for double cropping with wheat as a winter crop and rice
as a summer crop. The combination of intensive irrigation
and the use of fertilizer with two grain crops produced
each year greatly increased food output, but it also led to
overpumping and a decline in groundwater tables. In
Ludhiana district in India’s Punjab, one of 12 districts in
the state, the groundwater table is falling nearly one meter
per year. A combination of more efficient water use and
a reduction in the total amount pumped could stabilize the

water table in this area, but it would reduce yields by an
estimated 8 percent (Malik and Faeth 1993).

Largely as a result of poor design, irrigated land in
many parts of the world is plagued with waterlogging and
salting. Roughly 10 percent of the world’s irrigated area
appears to be suffering from salinization serious enough
to markedly reduce yields. Another 30 percent may be
moderately affected (Postel 1994).

With a sizable fraction of the world’s irrigated area
based on the unsustainable use of underground water and
with the productivity of a gradually expanding share of
the irrigated area adversely affected by waterlogging and
salting, a substantial investment in new irrigation will be
needed merely to maintain the current contribution of
irrigation to world food production. Even under the most
optimistic scenario, the irrigated area per person will be
declining,

The Bottom Line

When the frontiers of agricultural settlement had largely
disappeared by the middle of this century, the agriculture
sector responded by exploiting technologies that had long
been available to raise land productivity, including fertil-
izer, high-yielding varieties of crops, and more irrigation.
Despite the availability of little new land to bring under
the plow since mid-century, farmers managed to double
the world grain harvest within a 24-year period, the first
generation of farmers ever to do so (USDA 1993a).

To a substantial degree, farmers shifted in the middle
of this century from plowing more land to using more
fertilizer. In a sense, the other technologies, such as
higher-yielding varieties and irrigation, simply facilitated
the greater use of fertilizer. The years from 1950 to 1¥84
were a remarkable and unprecedented period of agricul-
tural expansion, Since 1984, however, the response to the
additional use of fertilizer has dropped precipitously, as
shown in Table 1 (USDA 1993a; FAO, Fertilizer Year-
book, various years).

In effect, from mid-century well into the 1980s, the
decline in cropland area per person was offset by a steady
increase in fertilizer use per person, an increase that went

Table 1-—World grain production and fertilizer use, 1950-93

) Incremental
Grain Fertilizer Grain/Fertilizer
Year Production Increment Use® Increment Response®
(million tons) {ratio)
1950 631 n.a. 14 n.a n.a.
1984 1,649 1,018 126 112 9.1
1989 1,685 36 146 20 18
1993 1,719 34 130 -18 nab

Sources: FAQ, Fertilizer Yearbook, various years; international Fertilizer Industry Association 1992; USDA 1993c.

Note: n.a. means not available,

3Assumes that all fertilizer is used for grain; although this is obviously not the case, it provides a broad picture of the changing response.
he incremental ratic cannot be calculated because fertilizer use declined.
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from 5 kilograms in 1950 to a historical high of 28
kilograms reached in 1989 (Figure 8). During the four
years since then, fertilizer use per person has dropped to
23 kilograms, a decline of 18 percent. Part of this decline
had little effect on production, since much of the drop was
in the former Soviet Union, where fertilizer had been
subsidized to the point where far more was being used
than could be justified in economic terms. But this aside,
total world fertilizer use is no longer increasing and per
capita fertilizer use is declining (FAQ, Fertilizer Year-
book, various years; Isherwood and Soh 1993).

If not much new land is to be brought under the plow
(as Pierre Crosson, [, and many others agree will be the
case), if the potential for expanded irrigated area is lim-
ited, and if the potential for substituting fertilizer for land
in the production process has diminished sharply, as ap-
pears to be the case, where will the growth in food output
come from to feed the 3.6 billion population increase
projected for the decades from 1990 to 2010? This, I think,
is one of the most profoundly troubling questions now
facing humanity.
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Chapter 7

THE GROWTH POTENTIAL OF EXISTING
AGRICULTURAL TECHNOLOGY

By Peter A. Oram and Behjat Hojjati

Constraints and Expectations

The task of meeting world food needs to 2010 by the use
of existing technology may prove difficult, not only be-
cause of the historically unprecedented increments to
world population that seem inevitable during this period
but also because problems of resource degradation and
mismanagement are emerging. Such problems call into
question the sustainability of the key technological para-
digms on which much of the expansion of food production
since 1960 has depended. These problems include the
following:

® The growth rates both of arable land and irrigated
areas have been consistently declining almost every-
where since the 1960s. There was a corresponding
decline, especially in the 1980s in the area of all
major cereals, in both developed and developing
countries, Major soil-related problems impede ex-
pansion of arable area in the tropics and also affect
water quality. Existing technology does not provide
sustainable solutions to some of those problems.
Prospects of a greater contribution to food supply
from new land and water development therefore
seem doubtful, and this will put a greater burden on
raising productivity of existing agricultural land and
water resources.

e Land and water resources are currently losing pro-
ductivity from deforestation, overgrazing and salin-
ity, acidification, and waterlogging of arable land
because of mismanagement and misuse of technol-
ogy. Technical options exist, but most are not yet
widely adopted for reasons that are often social
rather than technical, and it is extremely difficult to
gain a sense of their cumulative potential for improv-
ing productivity and sustainable natural resource
management. New farming systems will have to be
developed to sustain the productivity of land and
water resources and reverse degradation. Particular
problem areas include finding alternatives to tradi-
tional long fallows and slash-and-burn techniques of

maintaining soil fertility in the humid tropics, inte-
gration of crop and ruminant livestock production
across ecozones in the semiarid ecozones of West
Asia/North Africal and Sub-Saharan Africa, and
substitution of intensive irrigated rice monoculture
in Asia by a rice~wheat or rice-maize wet-and-dry
season cropping system.

® Growth rates of yields of all major cereals have
stagnated or declined overall in most developing and
developed regions. during the 1980s, and fertilizer
growth has also declined (South America and India
are noteworthy exceptions). The past growth of crop
yields worldwide has largely been a function of the
adoption of improved varieties along with chemical
fertilizers and pesticides, but these key factors of
production are currently under siege for environ-
mental reasons. Promising new approaches are un-
likely to eliminate the need for fertilizers and
pesticides entirely, and measures to improve the
efficiency with which those inputs are used must also
receive high priority. This will be an evolutionary
process that will place major new conceptual and
operational demands on research and extension staff,
as well as on the farmers.

Improving significantly on past performance will not
be easy with existing technology if production must be
derived primarily from higher yields. Fortunately, the
growth rates of demand for cereals implied by the macro-
economic projections are lower than expected, particu-
larly for rice, in view of the inevitable expansion of world
population and the many malnourished people already
living. If those economic projections are correct, however,
the implied growth rates for rice and maize production are
probably feasible with existing technology and knowl-
edge—provided better incentives are offered for investing
in land development, infrastructure, irrigation works, and
research; and adoption of known technology by farmers
widens. Current record low grain prices, together with
rising costs of irrigation and infrastructure, do not provide
such incentives.
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Since the sustainability of Green Revolution technol-
ogy is now controversial, additional research will have to
be devoted to technology that (1) does not cause environ-
mental pollution, by better management of water and
inputs in higher-potential areas, and (2) that can generate
sustainable growth in other environments, especially un-
der intermediate rainfed conditions where economic re-
sponses can be obtained from improved varieties and
modest levels of fertilizer use, even though current yields
are low.

However, large differences in national average yields
are not necessarily indicative of a vast undeveloped po-
tential. Comparing the very high wheat yields in Western
Europe with those in North America and Australia shows
that, despite the availability of technology, yield can be
inhibited by binding environmental constraints. This must
be born in mind when prospects for meeting future de-
mand for crops—such as wheat, barley, sorghum, and
millet—that cover large areas in difficult environments
are considered.

Framework

In the context of this discussion, “‘existing” technology is
that which is already available and widely used by farmers
but has some scope for improvement, that which is avail-
able but not yet widely used, and that which is known to
be in the research pipeline and likely to become available
before the year 2000,

While trade is bound to be an important balancing
factor where countries are unable to meet their food needs

from domestic production, it will be assumed for purposes
of this analysis that most developing countries will aim to
produce as much food as they need for food security,
Thus, the fact that most of the remaining potential for
expanding land area is identified as being in Africa and
South America, and that this could in theory generate
substantial surpluses by 2010, is not seen as a reason for
neglecting opportunities to increase agricultural produc-
tion in Asia.

Six principal approaches have enabled governments
and farmers to meet nationai and family food needs in the
past: expanding the net area cultivated, either through
bringing new land into cultivation ot through reclamation;
expanding the gross area cultivated through increasing
cropping intensities, particularly on irrigated land; diver-
sification of land use and changes in farming systems;
combating environmental degradation and improving
natural resource management; increasing yields of crops
and livestock {or reducing yield variability) through tech-
nological change; and reducing pre- and postharvest
losses. These form the framework for examining the po-
tential of existing knowledge and technology to expand
agricultural production to meet the larger demands of
2010 (Oram 1993),

The Scope for Technology for
Developing and Managing Land and
Water Potential

The estimates of the scope for expanding the net area
cultivated in Table 7.1 differ widely in their magnitudes

Table 7.1—Estimates of potential for expanding cultivated area

1974 Calculated Potential Arable Land

Developing and Actual

Developed Countries Arable Area® FAQ {IWP)® Club of Rome® Alan Strout® UsA® Wageningen'
(million hectares)

Latin America 127 570 429 586 680 692
Sub-Saharan Africa 186 304 423 470 733 658
Middle East/North Africa 80 80 86 80 n.a. 122
Asia {market economies) 274 206 278 330 627 360
Asia (centrally planned

economies) 132 n.a. 122 201 n.a. 388
Developing countries 799 1,250 1,338 1,667 2,040 2,220
North America 235 n.a. 392 347 466 533
QOceania 48 na. 150 70 154 275
Europe {market economies) 116 n.a. 163 137 174 164
Europe (centrally planned

economies) 278 n.a. 382 280 356 491
Developed countries 673 n.a. 1,087 834 1,150 1,463
World 1,472 n.a. 2,425 2,501 3,190 3,683
Source: Oram et al. 1979.
Notes: n.a. means not available. The data for Asia are expanded to include countries omitted from the Indicative World Plan. Because

compared here to the same base year taken from FAO 1974,

80riginal data are from FAO 1975,

®Original data are from FAO 1970.

EOn'ginal data are from Mesarovic and Peste| 1974.
Original data are from Strout 1975.

®Original data are from U.S, President’s Scienca Advisory Committee 1967.

T Original data are from Buringh, van Heemst, and Staring 1975.
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to an extent greater than the entire area currently culti-
vated. While this casts doubt on the precision of the data
used by the forecasters, the forecasters all agree that the
main areas of potentially cultivable land are in Sub-Saha-
ran Africa and South Ametica, and that little scope re-
mains in South and East Asia, West Asia/North Africa,
and Central America.

This raises the issues of why—mnot only in those land-
constrained areas, but also in the allegedly “land-abun-
dant” regions—the growth rates of new arable land have
been declining progressively since the 1960s and during
the 1980s were 0 percent per year in the high-income
(developed) countries and only 0.37 percent per year in
the developing countries (Table 7.2). The problem can be
illustrated quite dramatically by looking at the diminish-
ing increments to the arable area over the period 1974-89
(Table 7.3).

The reasons for the declining area expansion may lie
in the inability of potential farmers of unused land to
exploit it because of a lack of technical knowledge, labor,
draft power and equipment, money, credit, or title. Logis-
tical problems—-such as poor infrastructure and lack of
markets for products—may be a disincentive, and the
current record low international cereal prices may be as
well. A further plausible reason is simply that physical
constraints exist that raise the cost of bringing new land
into production and that were underestimated by the fore-
casters.

Because of the imprecision of the data on which these
estimates were predicated, there is an urgent need to
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identify the real potential more precisely; to clarify the
nature and extent of the problems; to indicate priority
areas for development; and to shed more light on the
probable environmental, social, and economic costs of
doing so. An international effort funded by the Global
Environmental Facility (GEF) should be mounted to un-
dertake this task, using moderm technology that was not
so widely available when several of those estimates were
made.

Because solutions to the problems of developing new
lands are complex and the areas involved are very large,
no single technology provides an answer. Inherent prob-
lems of soil structure and fertility can be aggravated by
mismanagement. Hence if measures are to be found to
overcome them, more attention must be devoted to re-
search on soil and water management than has been the
case in the past, since the opportunities for using yield-
increasing production technology are often restricted by
physical and chemical constraints. Major physical con-
straints include acidity, salinity, and resource degradation.
Following is a discussion of these problems and sugges-
tions for advancement in research.

Controlling Soil Acidity

Soil acidity affects large areas of mainly rainfed land in
developed and developing regions, imposing serious limi-
tations on yields and on responses to inputs, particularly
in parts of Africa and South America. Vast areas of
Oxisols and Ultisols—amounting to more than a third of
the upland soils in the humid tropics of Sub-Saharan

1974 Arable Area as a Proportion of Potential Arable Land

FAO (WP’ Cluk of Rome® Alan Strout? USA® Wageningen'
{percent)
22 30 22 19 18
61 44 40 25 28
100 93 100 n.a. 66
93 99 83 44 76
n.a. 92 66 n.a. 34
64 60 48 39 38
n.a. 60 68 50 44
na. 31 66 30 17
n.a. 71 85 67 71
n.a. 73 99 78 57
n.a, 62 81 59 46
n.a. 61 59 46 40

the sources of the original data have different base years and their estimates of "actual” arable area in the base year vary, they are all
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Table 7.2—Growth rates of arable and permanent crop area, and of irrigated area, 1961-90

% Arable
% and
Irrigated % Area Permanent Permanent % Other
Reglon Area irrigated % Pasture % Forest % Arable Crop Crop Land
(parcent)
Developed countries
North America
1961-71 1.42 0.99 -0.66 -0.03 0.43 -0.78 042 0.15
1971-81 3.01 285 ~0.09 0.14 0.13 074 0.13 -0.14
1981-90 -0.83 -0.81 0.04 0.25 -0.03 0.44 -0.02 -0.24
1961-90 1.31 1.08 -0.16 0.13 0.22 0.40 0.22 -0.13
Europe
1961-71 250 2,96 0.00 0.60 0,54 0.53 ~0.44 -1.48
1971-81 269 2,85 -0.34 0.29 ~0,19 0.09 -0.16 0.09
1981-90 1.87 2,01 -0.,40 0.1 -0.11 -0.44 -0.14 0.40
1961-90 249 279 -0.30 0.32 =032 0.06 -0.29 0.04
Oceania
1961-71 4.54 0.63 0.16 -0.02 3.90 0.88 3.88 -1.30
1971-81 0.57 -0.25 -0.19 -3.61 0.83 -1.12 0.83 322
19681-90 217 1.16 —0.44 0.03 1.00 1.34 1.00 0.85
1961~90 2.08 0.85 -0.09 -1.23 1.22 0.1 1.21 0.85
Former Soviet Union
1961-71 1.58 1.97 0.12 0.22 -0.42 1,47 -0.38 ~0.21
1871-81 5.02 5.05 -0.05 0.24 -0.03 =0.11 -0.03 -0.27
1981-90 1.78 1.89 -0.11 0.15 -0.07 -1.53 -0.10 -0.11
1961-90 3.44 3.53 =0.00 0.21 —0.09 ~0.05 ~0.09 -0.24
Other developed
countries
1961-71 2.31 237 ~0.75 -0.09 -0,19 1.63 -0.05 2.56
1971-81 -0.37 -0.08 -0.15 0.02 =027 -0.49 -0.29 0.56
1981-90 -0.47 -0.33 0.01 -0,01 -0.08 -0.88 =0.14 0.07
1961-90 0.12 0.35 -0.20 0.03 -0.25 -0.03 -0.23 0.72
All developed
countries
1961-71 1.91 1.79 -0.10 0.14 0.10 ~(.69 0.12 ~-0.20
1971-81 31 3.05 ~0.14 -0.06 0.05 0.05 0.05 0.16
1981-90 0.80 0.81 =0.20 0.17 0.01 -0.60 -0.01 -0.02
1961-90 213 2.08 -0.10 0.08 0.05 0.06 0.05 ~0.05
Developing countries
Africa
1961-71 1.81 0.88 -0.02 -0.32 0.84 1.68 0.92 0.21
1971-81 3986 3.24 -0.03 -0.33 0.64 1.15 0.69 0.25
1981-90 222 1.71 -0.02 —0.37 0.54 0.25 0.51 0.29
1961-90 294 2.25 -0.03 —0.34 0.65 0.91 0.68 0.26
Latin America
1961-71 233 0.81 076 -0.41 1.53 1.36 1.50 -0.38
1971-81 312 1.38 047 -0.51 1.71 1.78 1.72 0.05
1981-90 1.42 0.46 0.40 -0.59 1.13 -0.12 0.95 0.46
1961-90 247 1.06 0.51 -0.51 1.45 1.06 1.40 0.09
West Asia/
North Africa
1961-71 1.35 0.80 0.03 -0.17 0.45 2.02 Q.55 =0.24
187181 0.26 0.24 0.04 -0.24 -0.13 1.97 0.02 0.01
1981-90 1.47 1.13 0.37 .06 0.25 1.35 0.34 -0.18
1961-90 1.05 0.76 0.06 -0.18 0.18 1.67 0.29 ~0.05
Far East
1961-71 215 1.08 0.07 -0.45 0.95 1.70 1.06 0.19
1971-81 253 1.62 -1.52 -0.67 0.87 1.03 0.89 1.96
1981-30 218 1.43 0.10 0,44 0,57 1.65 0.75 0.1
1961-90 2.3 1.49 -0.49 -0.61 0.73 1.29 0.82 0.96
China
1961-71 2.65 2,95 1.53 -0.72 -0.36 3.03 -0.29 —0.58
1971-81 1.83 2.03 2.04 -0.82 -0.29 2.79 -0.20 -1.24
1981-90 0.39 0.94 1.90 -0.71 -0.56 -0.17 —0.54 -1.66

1961-90 1.45 1.75 1.93 —0:78 —0:36 2.28 -0.29 -1.21
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Table 7.2—Continued
% Arable
% and
Irrigated % Area Permanent Permanent 9% Other
Region Area lrrigated % Pasture % Forest % Arable Crop Crop Land
(percent)
India
1961-71 2.08 1.80 -0.73 1.92 0.36 -2.97 0.26 -2.46
1971-81 2.56 2.30 -0.91 0.67 0.32 ~2.26 0.26 ~1.43
1981-90 1.08 1.03 -0.06 -0.14 0.04 0.43 0.05 0.02
1961-90 2.20 2.02 -0.76 0.52 0.21 -1.16 0.18 -0.95
Other developing
countries
1961-71 0.00 -0.89 0.18 -0.056 0.05 132 0.80 0.02
1971-81 0.00 =0.89 0.09 -0.05 0.12 1.10 0.78 0.03
1981-90 0.00 -0.46 0.17 -0.04 0.78 0.32 0.46 0.02
1961-90 0.00 -0.82 0.24 —0.05 0.58 0.94 0.82 0.02
All developing
countries
1961-71 217 1.52 0.40 -0.33 0.58 1.27 0.64 -0.23
1971-81 2.09 1.50 0.31 -0.44 0.52 1.26 0.58 =0.01
1981-80 1.24 0,87 0.51 -0.46 0.34 0.65 0.37 -0.14
1961-90 1.89 1.36 0.3¢ -0.43 0.46 1.07 0.52 -0.08
World
1961-71 2.10 1.71 0.20 -0.12 0.33 1.10 0.38 =0.22
1971-81 2.36 2.03 013 -0.27 0.28 0.93 0.32 0.06
1981-90 1.12 0.93 0.24 -0.17 0.18 0.34 0.19 —0.09
1961-90 1.95 1.66 0.20 -0.20 0.26 .80 0.29 -0.07
Source: FAO 1992,
Table 7.3—Increments to arable area, 1974-89
Region 1974 19879 1984 1989
. (area in thousand hectares)
World arable and permanent
crop area 1,427,178 1,452,272 1,468,055 1,476,709
Increment to area - +25,004 +15,783 +8,654
Developing countries arable
and permanent crop area 758,238 780,261 792,485 802,654
Increment to area . +22,023 +12,224 +10,169

Note: An ellipsis {. . .) means not applicable.

Africa and South America—are severely acidified
(IBSRAM 1993). In more temperate regions, acidity is
seen to be increasing as a result of cultivation practices
(CSTRO 1990; NRC 1993).

Trials by national and international research centers
show promise. However, with cereal yields increasing 40
percent to 200 percent (for example, with cultivars toler-
ant of acidity and of related micronutrient toxicities, plus
the use of lime and organic manure), the results are
inconsistent and sometimes transient. In temperate re-
gions, a combination of lime to neutralize acidity with
adjustments in fertilizer use can provide effective control
and raise yields 10 to 30 percent, but at a cost. Meanwhile,
people searching for farmland become agents of defores-
tation, thus degrading already difficult soils. This is an
area of major importance in terms of its theoretical poten-
tial, which awaits sustainable solutions to its technical and
social problems.

The Outlook for Irrigation and the
Importance of Managing Salinity

Irrigation has made a contribution to production greatly
in excess of its share of total land area over the past 30
years, yet the expansion of net area irrigated has slowed
down progressively since the 1960s to around 1 percent
per year, both in developed and developing regions (Table
7.2). This also seems paradoxical in light of recent esti-
mates that unused irrigation potential is equivalent to
about 60 percent of the total global area current irrigated
{Crosson and Anderson 1992).

However, the irrigation potential is unevenly distrib-
uted. There is a large absolute potentiai in Asia, which has
the largest share of land already irrigated; considerable
scope for expansion in South America and Sub-Saharan
Africa; and very little in West Asia/North Africa and
Central America. Thus, while a 1 percent per year or even
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higher rate of new development appears theoretically
feasible to 2010 in Sub-Saharan Africa and South Amer-
ica, little more than 0.5 percent per year can be expected
in other regions.

Coensequently, the contribution of new irrigated land to
production in 2010 will be smaller than that over the past
30 years. Meanwhile, loss of currently irrigated land
through degradation must be contained. Increasing com-
petition for water between irrigation and other uses is also
evident both in developed and developing regions, and
this is likely to constrain future availability of water for
agriculture.

A particular need with respect to agriculture is to
control salinity and waterlogging, which is estimated to
affect almost a quarter of current world irrigated areas
(Postel 1994) and to be increasing (ACIAR 1993). Such
control requires improvements to existing irrigation sys-
tems to improve water distribution and water-use effi-
ciency, reduce seepage, prevent waterlogging and
micronutrient problems, and remove and dispose of drain-
age water efficiently so as to avoid local salinity and
off-site externalities. Engineering, chemical, and biologi-
cal technology must be combined with pohcy and social
measures to achieve these goals.

Technological Options for Mitigating
Resource Degradation

Apart from acidity and salinity, both of which appear to
be increasing as a result of human activities, other inter-
national concerns with respect to degradation of soils and
water relate to erosion, desertification, and pollution from
agricultural chemicals,

The causes and effects of degradation are complex
and interlinked. Their impact goes far beyond the meas-
urable losses of soil from erosion, and includes loss of
organic matter and changes in the soil microbiological
balance; loss of soil nutrients, including applied fertiliz-

ers (estimated at around $1 billion per year in the United
States); water pollution (estimated cost $2.2 billion per
year); and siltation of reservoirs at even larger costs
(NRC 1993). Although more rigorous quantification of
the extent and economic importance of losses is desir-
able, the most immediate imperative is to adopt tech-
nologies that will both prevent further degradation and
raise productivity of soils and water, not only in water-
sheds and clearly vulnerable areas, but also through
improved farm management,

A range of options for improving resource manage-
ment and soil quality is shown in Table 7.4, among which
measures to maintain soil cover and improve organic
matter content are considered to be some of the most
effective in preventing runoff and erosion, as well as in
increasing soil moisture and fertility, with potential yield
increases of 50 to 100 percent. Most of these measures
have the merit of being relatively easy for farmers to apply
without major costs. They include planting cover crops;
green manuring; stubble mulching; and, especially, mini-
mum tillage, which reduces the number of cultivation
operations, cuts costs, avoids excessive soil compaction,
and maintains residues on the soil throughout the year.
The use of minimum tillage is expanding rapidly in Aus-
tralia and North America—estimates for the year 2000 in
the United States are 70 percent of all cropland (USDA
1975). Tt is also showing promise for soil and water
management in the tropics, especially in acid-soil areas of
Brazil. On sloping lands, any of these options can be
combined with farming on the contour without elaborate
engineering works, or on steeper slopes with terracing,

An important measure to consider in water productiv-
ity is water harvesting from runoff collection and for
supplementary irrigation. India, Pakistan, and West Asia,
have a long history of such practices. However, while
considerable anecdotal and limited empirical evidence
exists that these practices can increase yields and improve

Table 7.4—Technological aptions for achieving sustainable agriculture

Use

Soll-Molsture Soli Erosion Soll-Fartility
Technology Conservation Prevention Control Improvement
Land-use management X X X X
Conservation tillage X X X X
Ground cover management X X X X
Bench terracing X X
Response farming X
Water harvesting X X
Small catchment X X
Supplemental irrfigation X
Legumas green manuring X X X
Vegetative hedges X X X
Strip cropping X X
Contour bunding and farming X X
Engineering structure X X X
Fertilizer and organic matter use X X X X

Source: Srivastava et al. 1993,
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soil fertility (in some cases dramatically), the rates of
adoption, costs, and benefits, especially from water har-
vesting, are quite variable. This is partly a factor of the
inherent variability of the rainfail, but experience in at-
tempting to persuade farmers to adopt some of the tech-
niques mentioned above, in a range of countries and
conditions, shows that they are reluctant (and even resis-
tant) to change.

A number of technical and nontechnical factors affect
farmers’ adoption of new techniques. These include lack
of resources, time, and training in new methods; and fear
of risks associated with adoption. Because strategies for
new technologies are often imposed from the top down,
implementation fails when local people are not consuited
or are treated as laborers only, and when local research
and extension staff are not sufficiently trained in the
techniques. Consequently, positive measures to improve
soil and water productivity, both through individual and
communal action, should receive higher priority for re-
search, extension, and training in the future. The measures
should also form part of an integrated biotechnical ap-
proach that provides appropriate expettise and equipment,
seeds of improved cultivars, plant nutrients, and pest
management, with a strong social component.

The Potential for Agricultural
Intensification

Crop intensities are currently low in many countries, in
both rainfed areas and on irrigated land, Several techno-
logical options exist for increasing land-use intensity,
including the reduction of long fallows and shifting culti-
vation in the humid tropics, and of annual faflows in
semiarid regions; introduction of additional crops into the
system on land currently only cropped for patt of a year;
mixed and intercrop systems rather than monoculture;
agro-forestry or other tree-based, land-use systems; and
crop-livestock integration.

When fallows are reduced or eliminated, crop intensity
increases. Reducing long fallows in the humid tropics is
one of the most difficult problems to tackle because of
problems in maintaining soil fertility. Sustainable solu-
tions may come from agro-forestry in the more humid
tropics or from alley cropping of mixed perennial and
annual species, including legumes, to provide nitrogen,
rather than cropping systems based solely on annual food
crops; and agro-sylvo-pastoral systems in savanna areas
may offer sustainable solutions. Eliminating annual fal-
lows in rainfed cropping systems in semiarid regions has
potential, as the highly successful and economically re-
warding Turkish fallow reduction program in the 1980s
demonstrated convincingly. In West Asia/North Africa,
the potential for fallow reduction is estimated to be about
10 percent of the existing arable area (Oram and Belaid
1990), a valuable option in this land-tight region.

More intensive land use can be achieved by multiple
cropping of annual crops, but this option is fraught with
energy and environmental limitations, since intensive
cropping normally involves greater use of chemical and
mechanical technologies. As farming intensifies, moni-
toring of possible environmental problems becomes more
crucial and well-trained advisory services are essential,

The integration of ruminant livestock into farming
systems may improve crop intensity, Rising demand for
ruminant products has been met principally by increasing
animal numbers rather than their productivity, leading to
degradation of grazing areas. Evidence of the inadequacy
of pastures to meet current demand is clear from the
increasing use of supplementary feed for ruminants in
many countries, and consequent escalation of imports.

Poor nutrition rather than poor breeding is the first
constraint to increasing productivity of most ruminants in
developing countries, and this is directly linked to suscep-
tibility to diseascs and parasites. Productivity of both
pastures and ruminant livestock could be increased by
rearing young animals on pastures and then fattening them
on arable farms in the dry season when pastures are
unproductive and susceptible to damage from overgraz-
ing. The range-reared stock could be fattened to greater
weights on farms, and the land would benefit from their
manure.

Technical opportunities exist to improve feed supplies
both on natural pastures and in farming systems. In the
former, these measures may require phosphate application
and rotational grazing; and in the latter, the incorporation
of leguminous forages or temporary pastures into crop
Totations.

An interesting example of improved technology to
increase feed supplies is urea treatment to improve the
palatability and digestibility of straw. Combining the use
of straw treatment with that of locally produced oilseed
cakes has increased daily live-weight gains by a factor of
4 in China and reduced the need for imported feed. Straw
treatment there has risen in the last five years from almost
0 to 4 million tons, and is projected to reach 30 million
tons by 2000,

On-Farm Technology for Iincreasing
Yields of Key Crops

The basis for the Green Revolution in developed and
developing countries was farmers’ adoption of agricul-
tural technology based on new cereal cultivars with a high
grain-to-straw ratio; the use of chemicals to supply plant
nutrients and to control pests, diseases, and weeds; and the
use of mechanization to eliminate drudgery and facilitate
more timely and efficient cultivation, seeding, and har-
vesting.

How far can this technology maintain productivity so
that the increased demand for food by 2010 can be met,
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especially in the developing countries? While developed
countries are confronted by public concern over the envi-
ronmental consequences of their high current level of
fertilizer and pesticide use, most developing countries
face resource and infrastructure constraints that limit yield
growth. The potential for raising productivity of six major
cereals (rice, wheat, barley, maize, sorghum, and millet),
food legumes, roots and tubers, and annual oilseeds is
considered below.

Rice

Rice is the dominant food crop for most of Asia, and great
progress has been made in raising yields there since the
1960s. For the period 1960-1990, world yields have in-
creased at 2.2 percent per year against a generaily declin-
ing growth rate of area; in absolute terms, yield has risen
84 percent—from 1.9 to 3.5 tons per hectare (Table 7.5).
The latter is almost 60 percent of the 1990 level in the
developed countries (Table 7.6). In some impottant Asian
countries, including China, yields are 6 tons per hectare,
which is approaching that in the United States, and not far
short of the world record national averages of 8 tons per
hectare in Australia and North Korea. Average yields in
India and South Asia are about half of this level, but have
been increasing rapidly since the 1970s.

Despite this generally encouraging performance,
growth rates of rice production have slowed appreciably
in the last decade in all Asian regions, except India and
South Asia, and in all of Asia and worldwide the growth
of rice area has declined progressively (Table 7.7). This
is attributed partly to declining rice prices, which have
reduced incentives to invest in irrigation infrastructure
and in rice research and extension, and have induced a
shift of land from rice to other crops. Slower growth rates
are also partly attributed to crop intensification, and the
corresponding increase in input required to sustain current
yield gains—especially in imrigated rice monoculture sys-
tems, where three rice crops a year are harvested from the
same land (Pingali and Rosegrant 1994). Even with the
best cultivars and scientific management, yields from this
system are proving unsustainable in the long term because
of the buildup of salinity, waterlogging, and water poflu-
tion: micronutrient deficiencies and toxicities; decline in
soil nitrogen-supplying capagcity; increased pest buildup
and related crop losses; and the formation of a subsoil
hardpan, which impedes the cultivation of dry-season
crop alternatives to rice, such as wheat or pulses. The rice
germ-plasm base also needs to be broadened from its
present narrow composition, which carries inherent risks
of a breakdown in genetic resistance to major pests and
diseases (NRC 1994),

Technologies exist to achieve more efficient water,
pesticide, and fertilizer use in Asia. There still appears to
be scope for greater use of modern varieties in Asia—rates
of adoption are only 74 percent in Nepal, 50 percent in

India and Bangladesh, and 30 percent in Thailand, al-
though those levels also reflect limitations imposed by
poor water control, Diversification from year-round rice
monoculture to a system of planting rice in the wet season
and cereal or legumes in the dry season is also feasible,
provided drainage is adequate. However, parallel changes
in incentive and subsidy policies and in water-system
management, as well as enhanced support to research and
extension, wiil be required.

Whether rice demand in Asia can be satisfied even with
major changes in production technology and farming
systems between now and 2010 is open to question. FAO
(1993) postulates a lower yield growth rate of 1.50 percent
per year from 1988-50 to 2010 for developing countries,
compared with 2.03 percent per year for 1981-91. This
implies a yield of 3.8 tons per hectare by 2010, compared
with 2,8 tons per hectare in 1989-91. This FAO target may
be feasible, but it does not include China, where the
implied yield of 7.6 tons per hectare will be more difficult
to attain,

While nearly 90 percent of world rice area is in Asia,
rice is also important in some African and Latin American
countries. Conditions in Africa are particularly adverse,
water control is generally poor, and some of the major
disease and weed problems there do not exist in Asia.
Average national yields are barely half those in Asia.
Yields in Latin America are about the Asian average;
irrigation is better developed than in Aftica, and progress
has been made with mechanized upland rice to combat
aluminum toxicity and improve cultivation practices with
minimum tillage. Despite the slowdown in yield growth
for rice in the irrigated sector, potential exists for increas-
ing yields in the upland sector (CIAT 1990).

Wheat

While wheat contributed slightly more than rice to world
food production in 1990, and far more than any other crop,
39 percent of that production originated in high-income
countries and nearly all of it worldwide came from tem-
perate or subtropical ecozones. Wheat area growth has

~ declined in all developed regions since 1980, and although

yield growth has been maintained at greater than 2 percent
per year in Europe, Oceania, Japan, and the former Soviet
Union, it has declined sharply to negligible proportions in
both Canada and the United States (Table 7.7). This
probably reflects the effect of declining world prices on
these two major exporters. Declining yields are also vis-
ible in some high-yielding Western European countries,
where environmental regulations on fertilizer and pesti-
cide use are being enforced.

In the developing regions, yield growth in the 1980s
exceeded 3.0 percent per year in China and India and was
2.4 percent in South America and West Asia/North Africa
(Table 7.7). However, area declined in all of those regions
and in other Asian countries, throwing most of the burden



Chapter 7: The Growth Potential of Existing Agricultural Technology 175

for maintaining production in line with demand (rising at
more than 3 percent) onto yield. To meet this goal through
2010 (with area contributing 0.5 percent and yield con-
tributing 2.5 percent) would require average vields to rise
to 4.3 tons per hectare in developed countries and 3.7 tons
per hectare in developing countries—62 percent above
their current levels (Table 7.5).

The overall yield gap between developed- and devel-
oping-country wheat producers is now relatively small,
and yields in South Asia and China are equal to those in
North America (Table 7.8). However, in those couniries
and in West Asia/North Africa, much of the gain in
productivity has been due to shifting wheat from rainfed
to irrigated land, and the scope for this is narrowing.
Adoption of modern cultivars and fertilizer is high there,
so further progress may be more difficult, The Interna-
tional Maize and Wheat Improvement Center (CIMMYT
1990) notes a significant decline in growth rates of wheat
yields in Asia during the 1980s and declining productivity
of the important rice-wheat systetn.

However, most of the world wheat area is rainfed, and
about 40 percent of the global total is in marginal environ-
ments (CIMMY'T 1991). Adoption rates of modern vari-
eties remain below 50 percent in important developing
countries where such conditions predominate, and yield
and fertilizer use are low. Average wheat yields and
fertilizer rates in 1990 in Australia, Canada, the former
Soviet Union, and the United States were also low, reflect-
ing constraints imposed by cold, heat, and low soil mois-
ture in major wheat areas of those countries.

CIMMYT is making important progtess in breeding
for resistance to biotic stresses in wheat but emphasizes
the need for finding solutions to the difficult resource
management problems and abiotic stresses outlined above
as well as to the human and social factors that affect
farmers’ decisions to adopt improved technology.

In view of expectations that demand for wheat to 2010
will be higher than that for other foodgrains, it may well
prove difficult for many developing-country producers to
meet the higher target with existing technology.

Barley and Triticale

Barley and triticale have climatic requirements that are
somewhat analogous to wheat, However, these crops and
wheat complement each other with respect to soils. Barley
is more tolerant of salinity and drought than wheat or
triticale, and triticale is more tolerant of acidity than either
crop. Although both barley and triticale have some food
uses, their main current role is as feed producers. In view
of the increasingly large share of feed in world grain
production projected by most authorities, their impor-
tance is likely to increase over time; and if yields cannot
be increased, they may compete with food crops for land.

Relatively little research on barley and triticale has
been undertaken in developing countries compared with

rescarch on wheat, and current average barley yields there
arc only half those of wheat. In North America and
Oceania, on the other hand, barley yields actuaily exceed
wheat (Table 7.5). Triticale’s main geographical focus is -
on acid seils in Poland, the former Soviet Union, and
Canada. Its distribution is restricted for two main reasons:
first, it is a new, manmade cereal from aryec—wheat ctoss,
so it is not well known; and second, its present bread-mak-
ing qualities are poor and its forage is inferior to that of
barley, although work is under way to correct these prob-
lems.

Both of these crops seem likely to play a more impor-
tant role in the future, especially where they fit special
environmental niches where wheat does not perform as
well. Enhanced research is needed to produce dual-pur-
pose, drought-tolerant cultivars with higher biomass for
livestock-based systems in semiarid areas, and varieties
with a higher harvest index for grain-producing farms in
areas of better rainfall.

Maize

Next to wheat and rice, maize is the world’s premier
cereal, with cultivars adapted to the lowland tropics, the
high-altitude tropics, the warm subtropics, and the warm
temperate regions. However, it does not ripen well at high
latitudes, where it is grown mainly for forage, and it is not
extremely drought-tolerant.2 Almost 66 percent of the
global maize area is located in developing countries, but
only 43 percent of its production (Table 7.5).

The largest single producer is the United States (38
percent of world total for 1988-90), followed by China
(18 percent), Brazil (5 percent}), and the former Soviet
Union (3 percent). These figures indicate the importance
of U.S. production on the one hand, and the high degree
of dispersion of maize production across more than 100
countries and many environments on the other. This pre-
sents considerable problems to plant breeders, since cul-
tivars have to be developed to fit such a diversity of
ecological niches.

High yields can be obtained from maize under favor-
able conditions. For the developed countries as a whole,
they average almost 6 tons per hectare. In the majority of
developing countries, they are extremely low, being be-
low 2 tons in nearly all regions. The gap of 59 percent
between the average developed- and developing-country
yields is much larger than for the other major cereals, and
while this appears to indicate considerable scope for in-
creasing productivity with existing technology, it also
suggests that there may be major obstacles to doing so,
some of which may be nontechnical in nature,

In both developed and developing countries, the over-
all growth of production dropped sharply in the 1980s
(Table 7.7). In the developing countries, the growth rate
has fallen progressively from 5.1 percent to just under 3.0
percent in the 1980s because of a combination of area and
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Table 7.5—Average area and yield of rice, wheat, barley, maize, sorghum, and millet, 1961-63 and

Rice Wheat
Region Area Yield Area Yield
{1,000 hectaras) (tons) (1,000 hectares} (tons)
Developed countries
United States
1961-63 692.33 4.15 18,588.33 1.66
1989-81 1,108.00 6.34 25,517.00 2.38
Canada
1961-63 .- e 10,751.33 1.31
1689-91 e L 14,178.33 21
Europe—maize
1961-63 36.67 2.63 6,086.33 1.54
198991 56.33 2.18 4,968.00 3.87
Europe—wheat/barley ‘
1961-63 284.67 5.12 22,137.00 210
1989-91 371.00 5.85 22,532.00 4.94
Oceania-—wheat/barley
1961-63 20,67 6.40 6,510.67 1.26
1983-91 97.00 8.23 8,755.67 1.50
Former Soviet tnion
1961-63 128.00 2,31 65,008.87 0.96
1989-91 623.67 3.86 47,288.87 1.98
All developed countries
1961-63 4,458.33 4.1 131,301.67 1.33
1989-91 4,331.33 5.82 125,191.33 2.65
Developing countries
Africa—rice
1961-63 1,644.33 1.37
1989-91 2,353.67 153
Africa—maize
1961-63 329.33 .24 2,287.67 073
19689~ 1,107.33 .42 2,601.67 1.37
Africa—sorghum/miliat
1961-63 528.33 1.09 34.67 1.62
1989-91 2,019.33 1.80 374.00 1,48
Central America—rice
1861-63 366.33 1.43
1989-91 393.33 321
Central America—maize '
1961-63 224.33 2,04 839,33 1.85
1989-91 274,67 3.20 1,046.33 4.01
South America—rice
1961-63 §59.00 2.0t 219.67 0.8¢
198991 971.33 3.74 90.00 1.34
South America—maize
1961-63 3,530.00 1.69 1,104.00 0.70
1988-91 4,775.67 2.22 3,132.67 1.42
South America—wheat/barley
1961-63 101.33 3.19 5,773.67 1.4
1989-91 246.67 4.48 5,822.67 2.10
South Asia—rice
1961-83 10,356.67 1.71 1,681.67 0.80
1989-91 12,561.67 2.67 2,477.33 1.44
North Asia—-rice
1961-63 4,435.00 4,78 706.87 215
1988-91 3,310,00 6.18 263.33 3.65
West Asia/North Africa
1961-63 8,766.33 1.83 25,237.67 0.92
1989-91 8,174.33 299 33,800.00 1.72
East Asia—-rice
1861-63 24 570.67 1.66 0.00
1989-91 32,828.00 2,99 0.33
Ghina
1961-83 27,723.33 238 24,467 .00 0.68
| :i 989-91 33,265,00 8.62 30,249.00 3.13
ndia
1961-63 35,399.33 1.50 13,362,33 0.84
1989-91 42,321.00 262 23,862.67 2.21
Other developing countries
1961-83 488.33 4.06 359.67 0.84
1889-91 709.33 7.53 578.00 1.32
All developing countries
1861-63 113,726.67 1.83 74,251.67 0.87
1889~91 143,237.00 3.45 102,355.33 2.28
World
196163 118,185.00 1.94 206,563,33 1.18
198991 147,668.33 3.52 227,546.67 248

Source: FAO 1992,
Notes: Crops listed in the first column indicate the data are for the portion of that region in which these crops are primarily grown (for
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1989-91
Barley Maize Sorghum and Millet
Area Yield Area Yield Area Yield
(1,000 hectares) (tons) {1,000 hectares) (tons) {1,000 hectares) (tons)
4,891.67 1.80 23,280.67 4.08 4,937.33 2.;1'3
3,272.00 2.87 27,045.67 7.18 418167 3.63
2,292,00 1.57 188.00 " 448
4,614.00 2.75 1,041.00 6.67

1,130.67 1.71 7,084.33 1.95 36.33 1.28
1,390.67 3.74 5,961.67 3.79 38.67 2.05
11,496,00 2,80 4,284.33 2.50 107.67 1.30
18,170.67 4.13 4,793.33 6.39 140.67 4.25
897.67 1.15 88.67 2,20 165.67 1.568
2,660.00 1.68 86.33 5.40 504.67 213
16,690.00 1.08 7,048.33 2.07 4,098.00 0.63
27,496.00 1.79 4,168.00 2.70 3,082.00 1.28
38,127.33 1.70 48,084.00 3.06 9,707.33 1.74
55,840.33 2.60 456,503.33 5.93 8,218.00 2.58
188.33 1.09 B7.33 1.26

266.67 1.03 158.33 1.08

1,007.67 0.81 12,336.00 1.06 5,059.00 0.70
1,104.67 112 16,350.67 1.56 5,767.67 0.79
0.67 0.00 1,759.67 0.89 19,679.33 0.68

0.00 cee 2,617.67 1,28 26,202.00 0.72
279.00 0.99 28.00 1.34

223.67 1.42 26.33 2.28

219.33 0.78 8,030.67 0.98 563.67 1.27
270.00 1.86 8,658.33 1.82 2,027.00 276
188.00 1.13 1,362.67 1.02 3.33 2.36
105.87 1,35 1,742.67 1.56 504,67 2.52
302.67 0.90 8,037.00 1.3 4.33 1.32
286.67 1.23 13,242.33 1.94 206.33 1.76
686.00 1.17 3,081.67 1.69 993,87 1.63
263.33 2.26 1,885.33 3.49 734.33 273
869.00 0.86 495.67 1.85 226.00 0.78
1,916.00 0.58 897.33 1.62 315.33 0.98
1,303.33 2.18 68.33 1.85 196.00 a7
258.00 2,90 24.33 4.33 2.67 2.06
8,861.67 0.92 2,959.33 1.50 3,191.33 0.82
12,709.00 1.27 3,109.33 3.00 1,986.00 0.90

0.00 e 5,406.67 0.94 0.00 ..

0.67 1.00 8,958.33 1.79 186.67 1.29
4,297 67 1,09 14,470.67 1.27 13,791.67 0.93
973.33 3,08 20,804.33 432 3,910.33 2.46
3,178.67 0.88 4.577.33 0.98 36,703.00 0.46
1,016.33 1.50 6,858.33 153 30,134.00 0.73
135.33 1.63 307.00 3.84 161.00 0.99
136.67 1,61 794.00 572 61.00 1.3
20,420.67 0.58 59,230.33 1.18 80,325,33 0.65
18,803.33 1.33 82,004.00 2.45 71,952.33 0.92
58,548.00 1,44 105,314.33 1.99 90,032.67 0.76
74,643.67 2,32 128,507.33 3.71 80,170.33 1.08

example “Europe—Maize” means the portion of Europe in which maize is the dominant crop). An ellipsis (. . .) means not applicable.
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Table 7.6—Average yields in developed and developing countries, 1989-91, and world national

record
Percentage Dlfference
Percentage Betwesn
Developed Developing of World Developed
Countries Countries  Area in Developing and Developing
World Record Average Average Countries Countrles
(kilograms per hactare}
Rice 8,216 5,820 3,450 a7 59
Wheat 7,887 2,650 2,280 45 86
Maize 8,884 5,930 2,450 64 41
Sorghum 5,427 3,337 1,056 71 3z
Millet 1,317 1,306 751 88 58
Barley n.a. 2,600 1,330 25 51
Warm-season pulses 2,041 1,380 570 93 41
Cool-season pulses 4,850 2,000 840 71 42
Tropical roots and tubers 21,046 17,010 10,990 93 65
Temperate roots and tubers 41,237 16,540 12,470 36 75
Groundnut 2,567 2,330 1,090 95 47
Soya 3,315 2,222 1,580 54 71

Source: FAD 1932,
Note: n.a. means not available.

yield decline. This is a matter for concern. While a 3.0
percent growth of production might still seem adequate to
meet demand projected at around 3.2 percent per year
from 2000 to 2030 (Crosson and Anderson 1992), it masks
the extreme variability of growth performance in different
regions, from 4.0 percent in West Asia and 3.3 percent in
China to 1.0 percent or less in Central America. In all
regions of Africa, the growth of area was considerably
faster than that of yield through the 1980s.

The technical knowledge for tackling maize yield
growth already exists, given that hybrid technology has
been around for years in developed and developing coun-
tries. Examples include CIMMYT’s work in Mexico’s
highlands to produce materials suited to highland areas of
Asia and Africa, and to fit into intensive rice-maize
systems in Southeast Asia. CIMMYT has identified areas
of chromosomes that control the southwestern corn borer
and has created the first genetic map for tropical maize.
Breeders have developed cultivars that are resistant to
multiple species of insects because of the cultivars’ inher-
ent unpalatability to pests. This is hoped to result in
significant savings in pesticides, while increasing yields.
Work to combine traits for resistance to borers, army
worms, stunt virus, and downy mildew in a single cultivar
is well under way. A recent CIMMYT announicement of
new maize cultivars with high tolerance to soil acidity and
related aluminum toxicity may accelerate progress with
maize yields in the wetter tropics.

While research developments offer hope of increased
yields in the relatively near future, the failure of farmers
to make better use of existing genetic materials and to
adopt other yield-increasing techniques limits applica-
tion. Constraints to effective maize production in Africa
vary significantly both among and within the three main

ecological regions (Carr 1989). In the humid forest zone,
acid soils and low solar radiation hold down yields, while
drought, pests, and the lethal parasitic weed Striga create
serious problems in drier ecozones. Seasonal labor bottle-
necks, shortages, and high costs of hybrid seed and fertil-
izer are pervasive constraints.

Adoption of new cultivars has been set back on several
occasions by errors of judgment as to what consumers
want in terms of the endproduct (grain, color, texture, and
keeping quality), as well as the demands placed on farmets
with limited access to labor and to inputs by recommen-
dations from research for “optimum agronomic prac-
tices. Farmers’ desire to use maize both for grain and
fodder also limits the adoption of varieties selected by
breeders for their high-yield potential rather than for total
biomass production.

The variety of conditions in which maize is grown on
small farms in Africa, Central America, and Southeast
Asia places significant demands on research and on ex-
tension to meet location-specific needs, and especially to
advise farmers on how to make best use of the limited
inputs they can normally afford, what to buy, and how and
when to apply them in what are frequently suboptimal
situations. More attention must be paid to the policy and
socioeconomic factors impeding the adoption of technol-
ogy if more rapid progress is to be made in exploiting
maize yield potential in those regions.

Sorghum and Millet

The two main areas of production in the world are in the
developing countries, especially in West Afiica (32 per-
cent) and India (37 percent), although fairly large areas of
these two crops serve as a second crop to maize in East
Central Africa, Central America, Brazil, and China. In the
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Table 7.7—Growth rates of area and yield by region, 1961-91, for rice, wheat, barley, maize, sorghum,

and millet
: Sorghum and
Rlce Wheat Barley Maize Millet
Region Area  Yield Area  Yield Area  Yield Area  Yield Area  Yield
(percent)
Developed countries
United States
195171 1.80 272 0.05 311 —2.42 3.51 0.47 3.16 2.81 243
1971-81 6.58 0.086 4.04 0.64 -1.89 221 2.21 1.91 -1.62 0.45
1981-91 ~1.43 217 -2.43 037 -2.22 =063 -0.63 0.73 ~3.94 0.34
1961-61 1.82 1.23 1.16 1.39 -0.70 1.37 0.69 1.94 -0.52 1.04
Canada
19681~71 . e 413 510 915 5.00 12.64 1.44
1971-81 RN o 3.72 1.00 -1.28 1.54 8.21 1.67
1981-91 . e 1.16 0.21 -1.16 1.19 —1.06 1.61
1961-91 . e 1.20 1.30 227 1.88 6.32 1.16
Europe—maize
1961-71 5.89 0.24 -0.68 4,63 -2.68 2.00 ~0.42 4,43 -7.52 1.74
1971-81 -3.33 0.14 -1.81 2.05 533 245 —0.34 2.89 11.65 1.25
1981-91 260 418 0.12 2.21 -0.36 2.76 -0.96 -1.67 2.08 1.46
1961-91 1.10 0.45 -0.80 322 0.98 2.97 —0.58 2.55 0.46 1.95
Europe—wheat/barley :
1961-71 193 -047 -0.14 3.565 39 2.01 0.95 6.78 6.12 9.93
1971-81 =057 1.08 .—0.60 2,37 1.98 0.68 —0.39 262 -0.18 3.48
1881-91 241 0.83 0.70 252 -1.42 1.90 0.15 1.17 -0.28 1.21 -
1961-91 0.69 0.66 -0.07 an 1.33 1.55 0.62 344 -0.34 3.85
Oceania—wheat/barley
1961-71 7.90 1.68 270 -048 10.87 0.75 —0.13 4.33 11.88 1,18
1971-81 1200 -1.02 4.93 1.22 2.28 117 0.50 3.14 -1.60 -0.25
1981-91 ~1.25 2.36 -4.36 2.04 -1.46 3.04 -3.55 3.39 -3.87 2.08
1961-91 6.68 0.28 1.39 0.75 4.23 1.28 —0.49 3.45 5.26 1.37
Former Saviet Union
1961~71 13.51 581  -0.03 5.15 3.23 5.28 ~7.91 2,85 —4.35 3.34
1971-81 513 0.54 -0.32 0.34 312 203 -2.49 1.36 088 —4.24
1981-91 —0.48 0.01 -2.11 4.01 -1.28 .28 113 -2.28 0.71 6.22
1961-91 544 ° 170 -1.34 2.08 2.04 1.24 —0.63 1.02 -0.86 1.47
All developed countries ‘
1961-71 0.24 117 -0.19 3.91 3.15 3.19 -0.18 3.58 0.46 417
1971-81 1.37 -0.06 1.06 1.01 207 0.2 1.01 263 -0.79 -0.50
1981-91 ~0.92 0.96 —~1.47 2.56 -1.36 210 -0.69 0.58 -2.21 0.15
1961-91 =0.11 0.62 —0.22 2.29 1.60 1.30 0.27 2.34 —0.43 1.24
Developing countries
Africa—rice
1961-71 - 1.90 1.40 - . Ces -0.03 =0.51 014 -1.23
1971-81 1.95 -0.84 e e - Ce 319 =073 413 -1.03
1981-91 -0.54 1.32 e c . . 1.08 0.35 1.58 0.42
1961-91 1.39 017 e Ce . . 1.18 017 242 039
Africa—maize
1961-71 878 =290 0.76 4.51 045 =030 243 0.75 1.04 0.24
1971-81 392 -1.34 0.05 1.20 -0.04 5.28 0.1 3.00 1.16 1.37
1981-91 2.78 410 ~0.84 2.10 188 1.2 1.10 0.86 1.00 -0.52
1961-91 413 072 0.80 2.33 0.26 1.91 0.82 1.49 0.47 0.66
Africa—sorghum/millet
1961-71 318 1.41 19.20 -2.97 - Ces 1.00 2.05 1.72 -1.04
1971-81 2.76 3.85 585 -1.63 e e —4,85 2.56 -1.48 2.40
1981-91 8.74 1,30 10.04 0.93 e AN 7.36 1.89 462 -0.94
1961-91 4.06 2.40 6.04 0.19 . A 0.61 1.41 0.63 0.78
Central America—rice
1961-71 1.06 373 e e e . -0.88 0.74 -8.32 5.30
1971-81 0.76 4,69 . e . - -2.05 2.81 13,38 -1.57
1981-91 -1.59 0.61 . - . . —0.42 1.35 -5.83 2.30
1961-91 0.77 3.42 . e . Ces —0.71 1.43 2.48 1.69
Central America—maize
1961-71 1.81 265 =0.91 5.16 0.81 4.03 1,54 239 12.31 7.12
1971-81 0.86 2.30 1.26 2,97 3.15. 3.28 —0.34 3.84 3.18 3.44
1981-91 -1.68 0.09 0.57 019 012 070 013 0.50 044 -082

1961-91 0.78 1.72 1.00 271 0.88 3.56 -0.11 229 4:28 279
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Table 7.7—Continued
Sorghum and
Rice Wheat Barloy Maize Millet
Reglon Area  Yield Area  Yield Area  Yield Area  Yield Area  Yield
{percent)
South America—rice
1961-71 0.44 3.34 -5.64 2.46 -0.23 -216 2,06 1.05 4367 007
1971-81 5.61 2.34 —6.53 1.72 -8.29 3.82 -2.08 243 1985 -2.53
1981-91 0.64 0.18 227 034 8.35 0.80 5.82 1.00 1.48 312
1961-91 1.89 2.48 -3.74 1.55 -3.60 1.38 0.03 1.7¢ 1761 0.04
South America—maize
1961-71 410 -1.41 7.86 343 0.04 -1.26 38 0.76 9.50 5.19
1971-81 307 035 2.62 223 -0.05 1.50 1.33 1.80 18.96 0.62
1981-91 ~2.50 4.42 3.70 4,95 -0.81 416 0.69 1.15 521 212
1961-91 1.30 0.90 4.53 2.55 -0.15 1.1% 1.78 1.55 17.88 0.89
South America—wheat/barley
196171 4.47 1.83 =043 -1.10 -2.33 0.27 3.75 3.47 - 988 1.49
1971-81 427 0.40 1.23 0.42 -9.23 0.99 -2.82 4.27 -0.73 4.88
1981-91 2.43 0.81 -3.19 2,36 3.07 4.47 —6.71 1.08  -1473 -1.18
1961-91 _ 315 1.19 -0.04 1.63 -4.42 2.35 -1.27 2.88 0.06 2.79
South Asia-—rice
1961-71 1.48 0.20 -0.33 077 0.03 452 029 099 1.30 218
1971-81 1.00 2.00 2.40 6.71 6.22 5.35 063 -1.20 082 067
1981-91 0.18 2.89 1.24 -0.05 107 -0.96 4.62 0.95 2.44 1.61
1961-91 0.64 1.49 1.82 3.03 338 117 2264 -0.89 1.23 .10
North Asia—rice
1961--71 =0.82 1.24 -9.57 1.40 -3.97 1.13 -287 056 -~11.38 2.50
1971-81 —0.81 0.61 1.48 2.36 -5.86 2.00 -3.27 1147 -20.04 2,99
1881-91 -0.72 0.55 0.95 2.07 -7.08 1.35 ~3.38 048 1273 7.48
1961-91 . -1.15 0.98 -3.15 1.80 -5.83 1.1 —4.26 472 1566 3.56
West Asia/North Africa
1961-71 1.29 2.00 1.88 2.04 -0.18 235 0.31 2.18 -0.81 1.46
197181 0.79 3.41 0.29 2.86 1.91 0.85 0.75 1.75 =230 -0.02
1981-91 046 —0.44 1.02 2.53 2.31 1.92 —0.38 4.02 -1.58 0.08
1961-91 0.49 214 0.81 2.49 1.24 1.45 0.25 2.33 =2.00 0.20
East Asia—rice
1061-71 1.03 2.36 . e - . 1.70 2.09 2319 -365
1971-81 1.61 1.63 . o - SN 2.66 2.50 10,76  -5.40
1981-91 0.89 1.79 o . e s 1.64 2,50 -5.22 1.63
1961-91 1.02 2.3 ce ce o . 1.79 2,42 953 -2M
China
1961-71 222 4.22 0.33 7.38 -7.52 0.41 1.42 6.05 -1.27 5.70
1971-81 -0.52 2,94 1.28 515 -5.84 8.73 2.26 4,29 -6.55 3.63
1981-91 —0.25 2,00 0.65 3.07 -2.43 1.95 1.23 3.30 -6.49 2.22
1961-91 0.44 3.01 0.81 5.63 ~4.99 4.24 1.18 4.36 —4.63 3.33
India
196171 0.76 1.43 2,93 4.97 ~1.52 1.88 3.13 0.65 0.13 1.13
1971-81 0.89 1.73 2.28 2.20 —4.21 1.15 0.09 1.53 -0.36 3.19
1981-M 0.59 3.43 0.47 3.14 -5.87 3.08 -0.02 2.38 -1.48 1.58
1961-91 0862 2,07 2.42 362 -3.96 210 0.68 1.30 -0.75 1.66
Other developing countries
1961-71 2.61 0.15 200 -0.36 040 5863 4,48 2.82 -3.54 0.33
1971-81 0.36 5.72 35 ~2.59 455 -~0.42 4.75 1.78 -4.65 1.90
1981-91 0.57 0.24 1.53 1.68 -2.02 0.52 1.37 064 -1.78 0.89
1961-91 1.27 3.03 1.62 2.40 1.01 0.54 3.63 1.61 -3.72 1.19
All developing countries
1961-71 1.47 2.50 1.45 372 -1.65 1.31 2.06 3.04 0.63 2.23
1971-81 0.83 2.04 1.19 3.38 -0.37 1.80 0.88 3.31 -1.20 2.54
1981-91 0.36 2.03 0.61 2.72 1.10 1.18 1.04 1.92 ~0.04 -0.90
1961-91 ' 0.75 2.31 117 3.67 -0.29 1.36 1.02 2.74 —0.54 1.54
World
1961-71 1.42 2.33 0.43 368 1.66 3.40 1.13 2.86 0.62 2.74
1971-81 0.85 1.92 1.11 1.76 1.52 0.26 0.93 2,90 -1.15 1.75
1981-91 0.32 1.94 -0.58 2.55 -0.79 1.75 0.38 0.69 -0.28 099
196191 0.72 2.16 0.33 266 1.08 1.50 0.73 2.33 —0.53 1.47

Source: FAQO 1992,

Notes: Crops listed in the first column indicate the data are for the portion of that region in which these crops are prirarily grown {for
example “Europe—Maize" means the portion of Europe in which maize is the dominant crop). An ellipsis (. . .) means not
applicable.
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Table 7.8—Area, yield, fertilizer use per hactare, and percent area under modern varieties of wheat

Area Growth Total Growth of

Wheat Under Wheat Rates Fertilizer Fertilizer

Area Modern Yield of Yield Use Per {NPK) Use

1990 Varieties 1990 1981-91 Hectare 1981-91
(1,000 {percent) {1,000 (percent) {1,000 {percent)
hectares) hectares) hectares)
Developing countries
Africa; Southern and Eastern 1,308 47 1.7 2.1 19 -2.34
South America, Southern Zone 7,940 82 1.8 2.4 45 9.37
South America, Andean Zone 263 39 1.1 4.9 54 1.64
Mexico ' 945 a5 4.4 -0.6 72 0.82
South Asia 9,200 80 1.8 -0.1 73 7.82
India 23,486 87 23 3.0 69 7.95
China 30,785 n.a. 3.2 3.1 269 718
West Asia 21,002 38 1.8 27 58 4.40
North Africa 6,122 56 1.8 5.5 66 n.a.
All developing countries 101,710 69 23 2.6 82 5.78
Developed countries

Eastern Europe 6,086 n.a. 39 2.2 141 297
Weslern Europe 22,532 n.a. 4.9 25 220 -1.34
United States 25,517 na. 2.1 0.4 46 0.40
Canada 14,178 n.a. 1.5 0.2 34 -0.89
Qceania 8,755 n.a. 1.5 2.0 34 -.89
Former Soviet Union 47,288 n.a. 2.0 4.0 106 2.47
All developed countries 124,176 n.a. 26 26 116 -0.06
World 225,886 n.a. 24 2.5 98 2,18

Sources: Area and yleld, FAQ 1992; fertilizer use, FAO 1993 and CIMMYT 1993; area under modern varleties, CIMMYT.

Note:  n.a. means not available.

high-income countries, they are itnportant only in the
United States and the former Soviet Union. They are both
grown principally in the drier tropics and subtropics.

Several species of millet are cultivated, of which the
most common is pearl millet, which generally is grown at
the lowest end of the rainfall spectrum in the semiarid
tropics, principally in Sub-Saharan Africa and India.
Worldwide, millet yields are low, averaging 750 kilo-
grams per hectare for the developing countries and 1,300
kilograms per hectare in the developed countries (FAO
1992}, Overall, miliet has probably received less research
effort than any other cereal.

Yields of sorghum are much higher than those of millet
in the subtropical and temperate regions, averaging, for
1988-90, 3.8 tons per hectare in the United States, 3.3 tons
per hectare in Mexico, 2.7 tons per hectare in South
America, and 2.9 tons per hectare in China. The highest
recorded yield on a significant area is 4.6 tons per hectare
for irrigated sorghum in Egypt, but the overall 198890
average for the developing countries was 1,060 kilograms
per hectare, and in India and Sub-Saharan Africa yields
were only about 800 kilograms.

The sorghum-millet environments of the semiarid
tropics are extremely difficult, particularly in Africa,
where so little of the land is irrigated and rainfall is
irregular. The fundamental rigors of the climate are com-
pounded by poor soil structure. Food security takes prece-
dence over high yields, and mixtures of sorghum or millet
cultivars with other crops are preferred to monoculture to
decrease risk.

The main options open for increasing yields are crop
improvement through breeding, and crop-soil-water
management, as mentioned earlier. New varicties devel-
oped in India can outperform the best local cultivars and
more rapid progress is expected in Africa following the
establishment of the major new ICRISAT station there. In
India, the addition of fertilizer to organic manure treat-
ment increased sorghum vield from 489 to 1,084 kilo-
grams per hectare for rainfed local varieties and from
1,212 to 1,446 kilograms per hectare for modemn rainfed
cultivars. Irrigated yields of modern cultivars rose from
979 to 4,500 kilograms per hectare.

However, adoption of techniques to increase yield has
been minimal. Less than 5 percent of the sorghum area in
Africa is planted to varieties bred by researchers (Carr
1989). ICRISAT notes an average drop of 50 to 60 percent
between experiment station trials and farmers’ yields
from elite lines in on-farm trials. A low level of adoption
of research-station material is also reported for millet. It
is reported that only 10 percent of farmers apply fertilizer
or manure to sorghum in India, and even fewer in Africa.
The main obstacles to better plant nutrition are (1) severe
scarcity of animal manure and, in India, manure’s use for
fuel; (2) inadequate dryland technology and incomplete
attention to moisture conservation, fertility management,
and pest control as part of a balanced package with mod-
ern cultivars; (3) inadequate extension to increase diffu-
sion of these components; (4) insufficient production
credit when most needed; and (5} poor distribution net-
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work for fertilizer, with high costs due to illegal overpric-
ing in India and to long transportation distances in Africa.
Increasing productivity of sorghum and millet has
proven difficult. Between 1981 and 1991, the growth of
yields declined by 0.52 percent per year in the maize belt
of Africa, where millet and sorghum are also major cereals
and by almost | percent per year in the key sorghum-mil-
let belt of the Sahel (Table 7.7). Fertilizer growth rates
also declined, even though in the Sahel, the average
application level is only 7 kilograms per hectare (Table
7.9). Both in Africa and in the drier ecozones of Central
and South America, where yields also fell, area expansion
was the main source of growth. Yields rose modestly in
Asia during the 1980s but were canceled out by an equal
or larger decline in the area cropped. Thus, unless techno-
logical change can be accelerated or other factors come
into play to provide incentives to adoption of the existing
technologies or to continuing area expansion, neither mil-
let nor sorghum (particularly the former) will contribute
enough to food supply by 2010. Indeed, if soil degradation
cannot be halted, they may contribute less than in 1990,

The Outlook for Noncereal
Food Crops

Most projections of future supply and demand for food
concentrate on the cereals, as if other food crops did not
exist, While cereals provide about 80 percent of total food
supply in the developing countries as a whole, the contri-
bution of roots and tubers, food legumes, oilseeds, and
horticultural crops to dietary energy, protein balance,
vitamins, and minerals is not negligible; and in the more
humid ecozones of Africa, Latin America, and Southeast
Asia, it is crucial. Legumes provide essential amino acids
not available in cereals. In Sub-Sgharan Africa as a whole,
cereals contribute 55 percent of total production and non-
cercals 45 percent. For developing countries as a whole,
the total area of all noncereal crops is about half that of all
cereals and a third of the total area cultivated.

There are other reasons not to overlook noncereal crops
that are related to soil and plant health: legumes fix
nitrogen and can transfer phosphate to other crops and,
together with root crops and oilseed, they provide a break
in the farming system from cereals, which also helps to
control weeds and reduce pest and disease infestation. In
addition, oilseeds and legumes are important sources of
high-protein feed for livestock, and cassava is an efficient
alternative source of energy to cereals in livestock feed.
Their contribution could help to alleviate the foreign
exchange problems many developing countries will face
in meeting demand for animal products.

Overlooking the potential contribution of these crops
to food supply is a serious omission because (1) it loads
all of the burden of food supply on to cereals, thus making
the task of feeding future populations appear more diffi-
cult; (2) rising incomes are likely to increase demand for

noncereal foods; and (3) it fails to highlight the need to
support research on such crops.

Noncereal food crops receive only about 16 percent of
the Consultative Group on International Agticultural Re-
search (CGIAR) resources, and those of the NARSs,
despite the fact that many of the species concerned have
received little or no attention from agricultural scientists
in the developed countries. Their yieids in developing
countries are usually well below those of developed coun-
tries, and in the case of the leguminous crops less than half
{Table 7.10). Because they have been relatively neglected
by research compared with the cereals, there may be
considerable short-run scope for raising their productivity
(as has happened through control of black Sigatoka affect-
ing plantains); although, in the case of fruits and vegeta-
bles, care will have to be taken in identifying ecoregional
priorities because of the large number of species that are
candidates for research.

Improving the Efficiency of Input
Use and Minimizing Environmental
Externalities

In recent years, cherished bastions of modern agriculture
have come under siege from environmental groups and
public opinion, especially in affluent countries., These
bastions include irrigation, modern varieties, monocul-
ture, and agricultural chemicals. Fertilizers and pesticides
have both come under fire, Strong social and economic as
well as environmental arguments exist for looking more
carefully at how scarce resources can be managed more
efficiently, and waste and misuse minimized. In this sec-
tion, problems that have caused concem are reviewed.
Means for improving their efficiency and reducing pollu-
tion without affecting agricultural productivity, through
the application of existing knowledge, are also explored.

Maintaining Healthy Plants

Biotic stress is an obstacle to maintaining healthy plants.
Insects, fungi, bacteria viruses, and weeds take a heavy
toll on plants during growth and in storage.? Estimates of
losses are subject to errors because of difficulties in ob-
taining data, but the economic loss is undoubtedly large.
An old but widely quoted study by Cramer (1967) puts
loss of crops in Asia at 55.1 percent of total potential crop
preduction—34.0 percent from insects, 9.9 percent from
diseases, and 10.8 percent from weeds. More recent stud-
ies on rice in the Philippines (Waibel 1986) and on crops
generally in Ethiopia (ICIPE 1993) also show estimated
losses of between 30 and 40 percent from insect pests and
related viruses where no control measures were adopted.

Chemical pest control reduces predators, but reliance
on this method has its costs. These include the financial
costs of the pesticides and their application, as well as
on-farm health and social costs of environmental exter-
nalities affecting soils, micro-organisms, water supplies,
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Table 7.9—Average fertilizer consumption per hectare, 1961-63 and 1988-90

Region N P K NPK

(kilograms per hectare)

Developed countries
United States

196163 19.48 15,38 12.54 47.39

1988-90 52.30 20.08 2392 96.31
Canada

196163 2.86 5.08 2.53 10.47

1988-80 25.49 13.07 7.64 46.20
Eurcpe—maize

196183 12.58 10.68 8.75 30.01

1986-90 72.69 35.30 33.32 141.31
Eurcpe—wheat/barley

1961-63 1.64 25.66 3.61 30.81

198590 9.55 19.58 5.10 34.24
Former Soviet Union

1961-63 4.58 6.09 3.38 13.05

1988-80 43.65 356.44 26,71 105.80
All developed countries

1961-63 15.865 15.89 13.25 44.80

1988-90 55.31 31.88 29.01 116.19

Developing countries

Africa—rice

1861-63 0.45 0.23 0.41 1.10

1988-90 0.95 0.57 0.94 247
Africa—maize

1961-63 1.64 287 0.94 5.25

1988-80 9.40 6.93 2.81 19.14
Africa—sorghum/miliet

196163 0.49 0.10 0.06 0.65

1988-80 3.95 175 1.29 . 6,99
Central America—rice

1961-63 21.20 15.06 12.07 48.33

1988-50 72.05 20.01 45.81 137.87
Central America—maize '

1961-63 7.14 2.03 0.59 9.76

198890 46.27 13.52 .66 63.45
South America—rice

196163 4.90 478 3.48 13.16

198890 A5.6B 25.11 23,51 94,29
South America—maize .

1961-63 383 511 2.54 11.29

1988-80 14.07 20.53 19.59 54,19
South America—wheat/barley

1661-63 1.51 2.01 0.71 4.23

1988-90 8.64 6.51 1.33 16.47
South Asia~—rice

196163 4.45 2.03 1.70 8.18

1988-80 46.86 19.54 ’ 6.89 73.28
North Asia-—rice

1961-63 108.47 71.20 71.52 251.20

1988-90 160.31 138.07 122.34 420,72
West Asia/North Africa )

1961-63 3.59 1.55 0.35 5.49

1988-90 40.73 19.17 2.63 62.43
East Asia—~rice

1961-63 3.89 3.93 0.77 8.59

1988-90 46.49 17.59 13.70 77.78
China

1961-63 7.39 1.74 0.28 9.41

1988--90 196.18 56,32 16.21 26871
India

1961-63 1.98 0.53 0.24 2,75

1988-80 44.66 17.78 7.03 69.47
Other developing countries

1961-63 26,89 10.45 5.94 43.13

198890 109.88 29,87 13.73 153.20
All developing countries

1961-63 3.97 1.85 0.69 6.51

198890 53.26 20.20 8.67 82.14
World

1961-63 9.81 8.87 6.97 2585

1983-90 54.22 2567 18.19 98.08

Source: FAD 1992, .
Notes: N is nitrogen; P is phosphorus; and K is potassium. Crops listed in the first column indicate the data are for the portion of that

region in which these crops are primarily grown (for example “Europe—Maize” means the portion of Europe in which maize
is the dominant crop).
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Table 7.10—Area, yields, and growth rates for roots and tubers, food legumes, leguminous oilseeds,

Roots and Tubers

Tropical® Temperato”
Region Perlod Area Yleld Area Yield
{1,000 {tons per {1,000 (tons per
hectares) hectare) hectares) hectare)
Developed countries 1961-63 478.7 16.81 18,592.3 12.70
1989-91 157.0 17.01% 11,368.3 16.54
Beveloping countries 1961-63 23,957.0 7.47 3,554.7 817
1989-81 26,992.3 10.99 6,462.3 12.47
World 1661-63 24,4357 7.66 22,147.0 11.97
1989-91 27,149.3 11.02 17,830.7 15.07

Source: FAO 1992,

fincludes sweet potato, yam, taro, other minor species.
Pincludes white potato.

‘includes chickpea, lentil, pea, fava bean, other minor species.
YIncludes haricot bean, cowpea, pigeon pea.

aquatic creatures, and the health of human beings or
animals who drink the water or consume products with
toxic pesticide residues. A further problem with pesticide
use relates to the buildup of pest resistance, which leads
to escalating rates and frequencies of treatment, as has
been the case with cotton, or to a rapid turnover in the
nature of the chemicals used, a common feature with
herbicides. For example, in 1976, Japanese rice growers
spent $230 per hectare on pesticides; by 1986, they spent
$670 per hectare.

Reliance on chemicals as the primary means of con-
trolling insects, diseases, and weeds is widely recognized
as becoming unsustainable economically, socially, and
ecologically; and that more effective and environmentally
friendly approaches must be found. Alternative ap-
proaches to excessive reliance on chemical methods of
pest control are available. Both traditional and innovative
measures exist to achieve this goal, including those de-
scribed below.

Changes in Cultural Practices. Changes have
been made in cultural practices to avoid or mitigate pest
problems by (1) adjusting cultivation practices, planting
methods, and planting or harvesting dates; (2) varying
plant population and density; (3) managing nitrogen fer-
tilizer use to discourage pest buildup; and (4) developing
crop rotations to avoid monoculture.

Development of Host Resistance. Breeding or
selection for resistance to pests and diseases—particularly
the latter, which are difficult to control with chemicals—
has been one of the most successful approaches to raising
productivity of crops and livestock.

Biological Control. This is another field in which
considerable progress is being made and which, like host
resistance, has the merit of requiring relatively little ex-
penditure by farmets. It involves using natural enemies of
insects and other pests, fungus diseases, and weeds to

destroy them or keep their population below the threshold
of serious damage.

Successes are reported for protection of crops in the
field and in storage. For example, biological control of
cassava mealybug is estimated to return $149 in increased
food productivity for each dollar spent on the control
program (IITA 1993). Control of cassava green spider
mite in Brazil by predators can prevent 30 percent of yield
losses (CIAT 1993). Such methods can be more cost
effective and environmentally sustainable than chemicals.
Furthermore, no hazards to human health, domestic ani-
mals, wildlife, or other crops have been observed from the
use of biological controls.

Integrated Pest Management (IPM). IPM draws
on and combines the range of possibilities described
above to meet the health needs of specific crops within
local agro-ecosystems while minimizing pollution. There
is no set prescription, but the method rests on the concept
of an economic threshold of damage, below which the cost
of control measures exceeds the value of the anticipated
losses.

IPM is conceptually attractive but is being held up as
a panacea, and thus needs to be viewed with a sense of its
limitations. Research on IPM demands an interdisciplin-
ary approach. It is more effective in areas where early
warning systems exist to advise extension workers and
farmers when conditions for pest or disease attacks are
likely to exceed threshold levels. Also, the best approach
needs to be worked out on a location-specific basis. IPM
places considerable demands on research and extension
staff, whose budgets are currently being pruned in many
countries,

IPM is likely to be of less value in areas where only a
few farmers practice it, because of pest infestation from
other farms. Also, IPM requires precise timing and good
judgment from the farmer on what controls to apply and
when to apply them. The delayed action effect of some
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1961-63 and 1989-91
Food Legumes
Cool-Season® Warm-Season” Soybeans Groundnuts
Arga Yield Area Yield Area Yield Area Yield
(1,000 hec- {tons per (1,000 (tons per {1,000 (tons per (1,000 (tons per
tares) hectare) hectares) hectare) hectares) hectare} hectares) hectare)
6,856.0 1.00 5,051.7 0.45 12,4147 1.57 o477 1.31
7,455.7 2.00 1,737.0 1.38 26,106.3 222 917.0 233
22,6937 0.76 17,979.7 0.51 11,579.7 0.68 16,361.7 0.83
18,314.0 0.84 23,916.0 0.57 30,547.0 1.58 19,338.3 1.09
29,549.7 0.81 23,0313 0.49 23,9943 1.14 17,309.3 0.86
257717 117 25,653.0 0.63 56,653.3 1.87 20,255.3 1.14

biological controls may make farmers believe IPM is
ineffective; therefore, good management and solid train-
ing are essential for IPM to work well.

Future Outlook

Recent conceptual and operational advances in the pre-
vention or control of important plant and animal diseases,
while promising, should be viewed cautiously. These
organisms are manifold and diverse, while their resilience
is considerable, leading to pesticide tolerance and the
breakdown of host—plant resistance. Control of one major
problem may lead to the upsurge of another, and despite
social pressures it seems unlikely that chemical pesticides
can be eliminated completely. Solutions to many damag-
ing pest and pathogens have yet to be found. It is for these
reasons that about a third of the crop budgets of the IARCs
have to be spent on “maintenance research” to protect
existing gains. A situation where these pressures will be
eased by 2010 or even beyond cannot easily be foreseen,
although escalation of current losses is not expected.

Biotechnology provides grounds for hope in this re-
spect. Although its greatest potential lies ahead and over-
expectation of its output has led to initial disappointment,
it is already advancing existing agriculturai technology in
the industrialized countries and is contributing increas-
ingly to breeding plants and improving crop and animal
health in developing countries. Problems of intellectual
property rights and targeting of goals to meet recognized
needs will have to be overcome, but they should not be
allowed to impede the opportunities that biotechnology
offers for new pathways to agricultural growth.

Enhancing Soil Fertility and
Improving Plant Nutrition

Traditionally, farmers in developing couniries have at-
tempted to alleviate constraints imposed by soil nutrient

deficiencies by fallowing land, often along with burning
vegetation; incorporating animal manures or plant resi-
dues into soils; developing cropping systems with leg-
umes to fix nitrogen; and growing crops tolerant of
problem soils. In the last 50 years, they have begun using
fertilizers to an increasing extent because of the difficul-
ties of increasing yields by other methods.

Qverall, fertilizer use in developing countries has risen
from an average level of 6.5 kilograms per hectare in
1960-63 to 82.1 kilograms per hectare in 1988--90, when
the level in the developed countries was 116.2 kilograms
per hectare (Table 7.9). The comparative growth rates
were 9.6 percent and 3.5 percent per year, respectively,
over the 30 years (Table 7.11). Average levels of use for
the developing countries as a whole are now more than
double those in Australia and only 15 percent below those
in the United States, while in China the average exceeds
that in Western Europe. Without fertilizer, it is hard to see
how unprecedented famines could have been avoided in
Asia, especially as modern varieties cannot express their
potential where soil nutrients are limiting. Nevertheless,
recent trends give cause for concern, since maintaining
soil fertility must be regarded as absolutely crucial to
meeting future world food needs.

Fertilizer growth rates fell in all regions of Asia, West
Asia/North Africa, Central America, and Sub-Saharan
Africa during the 1980s and were actually negative in the
maijze- and rice-producing zones of Africa (Table 7.11).
In the developed regions, they also declined everywhere
and were negative in the United States, Europe, and
Oceania. Nevertheless, although growth rates have fallen
between 1980 and 1990, they still exceeded 7 percent per
year in the developing regions of Asia, and the size of the
increments to fertilizer use have actually been larger than
inthe 19705 in many regions. On the one hand, in Western
Europe and some Asian countries rates of fertilizer use are
now approaching levels, especially on irrigated land,
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Table 7.11—Growth rate of fertilizer consumption per hectare, 1961-90

Region N P K NPK
{percent)
Developad countries
United States
198171 8.80 5,22 6.23 7.03
1971-81 3.70 0.67 3.54 2,88
1681-90 0.63 -1,34 =1.10 -0.25
1961-80 3.33 0.62 2.26 23
Canada
196171 12,06 474 6.52 745
1971-81 9.98 5.24 7.24 7.89
1981-90 1.62 ~1.53 0,08 0.40
196150 8.65 3.75 4,63 5.04
Europe—maize
1861-71 17.35 11.11 12.04 14.23
1971-81 511 6.88 6.24 5.87
16881-90 -2.10 -3.65 -4.08 -2.97
1961-90 6.43 5.04 6,78 6.08
Eurcpe—wheat/barley
1961-71 8.84 6.14 5.58 6.93
187181 3.84 0.18 0.28 1.72
198190 -0.22 -2.69 ~2.11 ~1.34
1961-90 4.21 1.20 1.60 2.56
Oceania—wheat/barley
1861-71 9.97 o.41 2.50 1.28
1971-81t 4.80 -1,95 —0.64 -0.96
1981-90 5.71 -3.03 -1.87 -0.88
1961-90 6.47 -1.38 1.16 -0.02
Former Soviet Union
1961-71 19.87 12.27 15.27 15.96
1971-81 4.48 6.08 5.43 5,19
1981-90 1.36 4.35 1.97 247
1961-90 8.15 6.95 7.30 7.50
All developed countries
196171 10.22 6.40 6.62 7.89
1971-81 4.00 1.88 245 295
1881-90 .35 017 —0.72 ~0.06
1961-90 4.65 237 2,92 3.47
Developing countries
Africa—rice )
186171 23.70 20.47 12.71 19.43
1971-81 -3.16 ~0.49 418 =277
1981-90 -56.53 —8.71 -1.67 ~5.14
1961-90 1.63 1.03 1.08 1.36
Africa—maize
1961-71 13.43 9.13 10.35 10.83
1971-81 7.43 4.62 2.37 5.46
1981-80 -1.29 -3.85 -1.43 -2.34
1951-80 6.58 360 3.48 4.77
Africa—sorghum/millet
1961 8.26 12.1% 4.86 8.70
1971-81 B8.49 16.43 168.32 11.42
1981-80 4.45 1.42 4,74 3.69
1961-80 835 1175 13.10 9.71
Central America—rice
166171 11.00 6.00 14.37 10.65
1971-81 6,53 0.12 5.55 5.06
19581-80 t.44 0.85 1.83 1.61
1961-80 3.81 0.03 4.49 3.18
Central America—maize
196171 12.38 14.36 14.48 12.92
1971--81 6.84 5.76 8,32 6.56
19681-80 1.42 -1.02 0.78 0.82
1961-90 7.31 7.24 6.82 7.28
South America—rice
1981-71 10,23 6.16 5.85 7.74
1871-81 6.79 4.68 8.29 6.49
1981-90 10.15 10.19 12.10 " 10.83
1961-90 8.46 6.18 7.19 7.42
South America—maize :
1961-71 10.39 8.62 14,81 11.13
1971-81 571 8.05 7.65 7.31
1981-90 1.76 -0.62 4.50 1.64
186190 6.04 7.08 8.62 7.21
South America—wheat/arley
1961-71 8.84 12.28 0.81 9.62
1971-81 1.38 —0.22 —2.45 0.20
198190 11.62 6.1 9.48 9.37
1961-90 5.85 321 1.27 4.02
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Table 7.11—Continued
Region N P K NPK
{percent)
South Asia—tice
186171 10.85 9.42 5.02 9.45
1971-81 10.00 12,62 6,24 10.21
1981-90 8.38 6.95 6.67 7.82
1961-90 9.17 9.43 5.34 8.69
North Asia—rice
1961=71 3.00 512 3.23 3.69
1971-81 0.93 1.16 1.97 1.28
1981-90 0.99 1.40 1.70 1.32
1961--90 1.45 . 2,30 1.90 1.84
West Asia/North Africa
1961-71 13.83 13,82 9.75 13.62
1971-81 9.25 11.73 4.52 9.81
1938190 4.44 3.97 7.26 4.40
196190 9.72 10.69 8.04 9.90
East Asia—ice
1961-71 13.69 3.64 18.88 10.54
1971-81 8.42 5.60 8.16 7.66
1981-80 6.57 6.91 9.74 7.15
1961-90 9.08 6.52 10.81 8.98
China
1961-71 19.17 21.48 13.50 19.45
197181 15.25 7.88 20.30 13,79
1981-80 6.56 8.07 12.93 7.18
1961-90 12.47 11.76 16.01 12.43
India
196171 21.66 26.51 26.60 22.00
197181 9.46 10.77 8.97 9.63
1981-90 7.36 10.01 6.97 7.95
196190 11.33 12.75 12.06 11.70
QOther developing countries
6171 6.48 8.62 11.45 7.66
1971-81 8.84 1.28 3.91 6.41
198190 1.18 2.00 ~4,97 0.62
1961-90 6.09 3.38 273 5.04
All developing countries
1981-71 15.13 13.37 14.80 14.61
1971-81 10.72 8.21 9.14 9.89
1981-00 5.49 5.85 7.50 5.78
1961-90 9,92 9.01 9.56 9.64
World
1961-71 11.21 7.10 .90 8.74
1671-81 6.18 3.22 3.05 462
1981-90 277 1.96 0.84 2.18
196100 6.37 374 3.53 4.93
Source: FAO 1992,
Note: N is nitrogen, P is phosphorus, and K is potassium. Crops listed in the first column indicate the data are for the portion of that

region in which these crops are primarily grown {for example “"Europe—Maize” means the portion of Europe in which maize

is the dominant crop).

where soil and water pollution by chemicals is an envi-
ronmental hazard. Yet, at the same time, fertilizer use in
Sub-Saharan Africa, where severe nutrient deficiencies
are reported from many countries, remains exceptionally
low—under 12 kilograms per hectare overall,

Fertilizer use must therefore be balanced by productiv-
ity needs and by environmental concerns. The efficiency
of fertilizer and manure use must be improved, and their
use must be expanded where it is negligible. In many
situations in developing countries where large responses
to fertilizer can be demonstrated by on-farm trials, farmers
{even when they know about fertilizer) do not use it or use
it improperly JCARDA 1988; Carr 1989; Spencer 1994).
The status of organic matter in many soils in the tropics is
low and falling. This is a warning symptom of declining
soil quality, as organic matter has unique benefits on soil
structure, exchange capacity, moisture infiliration, and

retention capacity. Farmers are usually aware of its value
but rarely have enough animal manure and may use it
inefficiently, leading to its rapid decomposition
{McCown et al. 1992; Rustagi and Desai 1993).

There are a number of methods of managing fertilizer
use that could help to maintain soil fertility and nutrient
status, but no single solution. Adoption of fertilizer also
depends on alleviating the numerous constraints referred
to eartier in this paper that particularly impede small
farmers in rainfed areas from obtaining it or using it
efficiently. Their severity is evident in the low rates of
fertilizer use in Africa, and from reports of high levels of
nonadoption in some other semiarid regions, for example,
West Asia/North Africa. National and international
research institutes, governments, and development assis-
tance agencies need to make a special effort to alleviate
these constraints, by both technical and policy measures.
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For regions where progress in fertilizer use is further
advanced, more attention needs to be paid overall to
increasing macronutrient efficiency, to identifying and
treating warning signs of micronutrient problems, to de-
veloping the means for reducing losses of organic ma-
nures and fertilizers, and to preventing soil and water
pollution,

International agencies and bilateral donors should not
allow their support for efficient fertilizer use in developed
countries to be undercut by ill-informed public criticism
in affluent countries—its potential contribution to meet-
ing future food needs is too important for that. Instead they
should increase support for research to ensure its most
efficient use.

Does Potential Exist To Meet
Projected Food Needs?

‘While the outlook for meeting the growth rates of produc-
tion required to meet projected food needs by 2010 ap-
pears reasonable with wider and more efficient use of
existing technology for rice and maize, it seems less
hopeful for crops that have a high proportion of their area
in difficult ecoregions, that is, wheat, barley, sorghum,
and millet. However, improved prices of grains could
encourage farmers to adopt known technology more
widely than the present very low levels or, in some coun-
tries, to expand the area cropped. Although Sub-Saharan
Africa, both for technical and other reasons, is of particu-
lar concern, lack of projections for the noncereal food
crops may exaggerate the food gap there.

Notes

1. West Asia is defined here as Afghanistan, Bahrain,
Cyprus, Gara Strip, [ran, [raq, Jordan, Kuwait, Leba-
non, Libya, Oman, Qatar, Saudi Arabia, Syria, Tur-
key, United Arab Emirates, West Bank, and Yemen.

2. In 1988, an unusually dry year in the United States,
the maize area fell by 3.5 million hectares, yield by 2
tons per hectare, and production by 71 tons (37 per-
cent) compared with the 1989-91 average. This was
almost equal to the total production of maize in China
in that year (FAO 1992).

3. In this section, “pests” is a generic description, to
include insects, fungi, viruses, and weeds.
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Comment on Chapter 7

GROWTH POTENTIAL OF EXISTING TECHNOLOGY IS

INSUFFICIENTLY TAPPED

By Balu Bumb

The Green Revolution technologies and associated poli-
cies have played a major role in bringing about a rapid
increase in crop yields. These technologies involve the use
of high-yielding varieties, fertilizers, irrigation, and plant
protection materials. Through genetic improvements, re-
searchers developed new crop varieties of wheat, rice, and
maize having higher yield potential. The realization of
their potential required heavy applications of fertilizers in
irrigated areas because the availability of nutrients in the
soil and from organic sources was not adequate to meet
their requirements, Without adequate dosages of fertiliz-
ers, the realized yields of high-yielding varieties were
generally lower than those of traditional varieties. Simi-
larly, without adequate and timely supply of water, the
seed and fertilizer technologies implied higher risks and
lower yields. Other factors, such as plant protection ma-
terials and improved agronomic practices, also helped in
realizing the yield potential of seed and fertilizer technolo-
gies. Policies facilitating the speedy adoption of these
technologies were equally important (L.ele and Bumb
19943,

In spite of yield improvements at the global level, crop
yields vary considerably among regions and countries
(Tables 1 and 2). For example, wheat vields varied be-
tween 1.5 tons per hectare in Africa and 4.8 tons per
hectare in Europe. Similarly, rice (paddy) yields also
varied between 2.0 tons per hectare in Africa and 7.4 tons
per hectare in Oceania. At the country level, in the devel-
oping world, wheat yields varied from 1.1 tons per hectare
in Afghanistan to 5.8 tons per hectare in Zimbabwe; rice
yields ranged between 1.0 tons per hectare in Zambia and
7.3 tons per hectare in Egypt; and maize yields varied from
1.2 tons per hectare in Ghana to 4.5 tons per hectare in
China. The overall cereal yields varied from 1.0 tons per
hectare in Ghana to 4.5 tons per hectare in China.

From a long-term peint of view, the question to ask is,
Are there known crop technologies whose wider adoption
can fuel the growth in grain production to feed the grow-
ing population in the early twenty-first century? In Chap-
ter 7, Oram and Hojjati provide an answer to this question
by analyzing trends in crop production, resource use, and

Table 1—Cereal yields by region, 1990

Region Cereals Wheat - Rice  Maize
(tons per hectare)
Africa 1.2 15 2.0 1.6
Asia 2,8 24 3.6 33
Latin America 21 1.9 25 2.0
North America 4.2 2.5 6.2 7.4
Europe 4.3 4.8 53 4.4
Former Soviet Union 2.0 2.1 3.5 35
Oceania 1.7 1.6 7.4 53
World 28 286 3.6 3.8

Source: FAQ, Production Yearbook, 1990.
®Includes barley, oats, sorghum, millet, and other cereals.
PIncludes countries in Eastern Europe and Western Europe.

yield growth at the global and regicnal levels and by
assessing the growth potential of existing agricultural
technologies.

The Oram-Hojjati Assessment.:
A Discussion

The Oram-Hojjati study covers existing technologies for
cereals, root crops, and legumes and identifies various
constraints on their adoption. It also deals with constraints
associated with land and water management and with
fertilizer and pesticide use. The following observations
are offered to elaborate on some of the points covered in
the study.

Shorter Fallows and Conversion to
Continuous Cultivation

The study’s recommendation of reducing the length of
fallow and converting short failow into continuous culti-
vation may lead to unsustainable developments in some
developing countries, especially in Sub-Saharan Aftica.
Under heavy population pressures, fallow periods have
already been reduced considerably. Unless new technolo-
gies and adequate measures to maintain soil fertility are
adopted, reduced fallow and continuous cultivation will
continue to add to the problem of soil degradation.
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Table 2—Cereal yields in selected countries,

1990
Region Cereals®™ Wheat Rice Maize
(kilograms per hectare)
Africa
Camerogn 1,070 1,333 3,333 1,354
Egypt 5710 5,194 7.266 2,500
Ghana 989 n.a. 1,467 1,204
Kenya 1,524 1,864 3,033 1,580
Zambia 1,352 4,394 966 1,432
Zimbabwe 1,633 5,821 2,800 1,734
North America
United States 4,751 2,656 6,200 7438
Latin America .
Argentina 2,172 1,900 3,671 3,018
Brazil 1,755 1,154 1,880 1,874
Colombia 2,475 1,848 4,062 1,450
Mexico 2,425 4,217 2,366 1,073
Asia
Afghanistan 1,201 1,051 1,903 1,758
China 4322 3,104 5716 4,523
India 1,897 2,121 2,628 1,524
Japan 5,846 3,654 6,328 2,524
Turkey 2,214 2123 4,962 4,080
Western Europe
France 6,060 6469 . 5935 5925
United Kingdom 6,169 6,971 . .
Eastern Europe
Poland -3,284 3,958 co 4913
Romania 3,036 3,301 1,662 2,761
Former Soviet Union 2,013 2,115 3,528 3,485

Source: FAO, Production Yearbook, 1990.
Note:  The ellipsis (. . .) means not applicable.
ZIncludes barley, cats, sorghum, millet, and others.

Analysis of Growth Rates

Although a comparative analysis of yield growth rates in
different periods—such as the 1960s, the 1970s, and the
1980s—is desirable, it should be remembered that most
of the high growth rates of the 1960s were from a very
low base, whereas the lower growth rates of the 1980s
were from a higher base. Unless a normative perspective
is superimposed on such analysis, there is a danger of
deriving unnecessarily alarming conclusions. For exam-
ple, declining or stagnant yields may not imply as much
risk of hunger in the developed countries as in the Sub-
Saharan African countries, Furthermore, the declining
trends in the developed countries were policy-induced and
were related to grain surpluses, declining crop prices, and
environmental concerns—all of which led to reduced
fertilizer use, acreage reduction programs, and other
measures. Similarly, relatively lower wheat yields in Aus-
tralia and the former Soviet Union do not clearly imply
agro-ecological ceilings. The lack of plant protection ma-
terials and incentives to optimize resource use, leading to
overuse of fertilizers, seems to have kept wheat yields
lower in the former Soviet Union, The declining crop
prices of the 1980s have had an adverse effect on crop
yields in Australia because, under difficult financial con-
ditions, farmers seem to have opted to depend on residual

phosphotus in the soil by reducing the use of phosphate
fertilizers (an important input in maintaining and sustain-
ing soil fertility and crop yields); phosphate fertilizer use
decreased at an annual rate of 3.5 percent during the
1979/80 to 1990/91 period. Similarly, in Western Europe
and North America, phosphate use decreased at an annual
rate of 1.6 percent and 2.4 percent, respectively, during
the 1980s (Bumb 1994).

Adequacy of Nutrients

Recent stagnation in crop yields, especially rice vields, in
developing countries may be due to an inadequate supply
of silicon and organic matter, a deficiency of micronutri-
ents, and nutrient imbalances. In many parts of China,
phosphate and potash deficiencies are known to constrain
crop yields (Zhu 1991). International Fertilizer Develop-
ment Center experiments in Colombia show that rice
yields respond positively and significantly to both indi-
vidual and joint application of silicon and phosphate
fertilizers, although the combined application shows syn-
ergistic effects (IFDC 1994b). Exclusive emphasis on
breeding at the cost of other factors—such as nutrient
balance, micronutrient and water management, and soil
fertility—may become costly and unproductive in the
long run. In this respect, the authors make a valid obser-
vation that “‘genetic improvement and better plant nutri-
tion are interdependent,”

Assessment of New Technologies

In addition to relying on yield trends and patterns to assess
and contrast the growth potential of crop technologies
among different regions, it is important to assess the new
technologies on the shelf having better potential and suit-
ability to different agro-ecological and socioeconomic
conditions,

Emphasis on Scope for Increased
Fertilizer Use

The scope for increased fertilizer use, especially in the
developing countries, needs to be emphasized; mispercep-
tions that fertilizers are universally and uniformly harmful
to the environment need to be dispelled. In many parts of
the developing world, well-managed fertilizer use is both
productivity-enhancing and environmentally friendly.

Treatment of Acid Soils

The treatment of acid soils in the tropics may provide
another source of potential increase in crop production.
However, to become productive, these soils require an
initial “lumpy™ investment (capable of producing returns
over five to seven years) followed by small annual (main-
tenance) investments. Although these soils differ in physi-
cal and chemical properties from tropical America to
tropical Asia and may require location-specific adaptive
research to develop soil and crop management practices,
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most of them suffer from high acidity, aluminum toxicity,
and low nutrient reserves—Ileading to low fertility and
productivity. To remedy these deficiencies, an initial ap-
plication of large doses of phosphate fertilizers and lime
(ranging from 3,000 to 5,000 kilograms of lime and from
500 to 1,000 kilograms of phosphate fertilizers) and alu-
minum-tolerant cultivars are needed. Studies in Brazil
(Lopes, Malavolta, and Guilherme 1990) and Indonesia
(Wade et al. 1988) have shown high returns to such
investments, However, resource-poor small farmers have
difficulties undertaking these investments for three rea-
sons: {1) the benefits of such investments are recovered in
the long run, because both lime and phosphate rock pro-
vide benefits over several crop seasons; (2) the capital
needed to make these investments is generally not avail-
able with small marginal and migrant farmers, nor are
commercial banks willing to lend funds for such purposes
because of poor collateral; and (3) supply and distribution
networks for lime are not well developed. Hence, adop-
tion of these technologies may require institutional and
policy support different from what is generally available
for the adoption of seed and fertilizer technology. The
research facilities should also be established to conduct
location-specific research for developing aluminum-tol-
erant varieties and for identifying the levels of lime and
phosphate fertilizers necessary to correct deficiencies of
the soils. In addition, benefits of these technologies should
be evaluated in the context of environmental protection.
Acid soils are distributed over large areas ofthe humid
tropics and subtropics, covering about 850 million hec-
tares in tropical America, 450 million hectares in tropical
Africa, and 210 million hectares in tropical Asia (van
Wambeke 1976). These areas receive generally goodrain-
fall for crop production. Hence, developing these soils for
crop production can reduce pressures on habitat-rich for-
ests and on fragile and marginal land areas. For example,
Lopes, Malavolta, and Guilherme (1990} estimated that,
by applying 3.0 tons per hectare of lime on 39 million
hectares in acid savanna in Brazil, grain production could
be increased by 23.4 million tons. To achieve the same
amount of grain production by deforestation, Brazil
would have to clear about 16 million hectares of forests.
Furthermore, additional production in these areas can
reduce the need to use higher levels of agro-chemicals in
already intensively cultivated areas, especially in East
Asia (Wade et al. 1988). Because these technologies have
a potential to create environmental benefits along with
productivity gains, economic evaluation of these tech-
nologies should give due weight to both private profits
and social gains. Few studies have evaluated all of the
long- and short-term private and social benefits and costs
of these technologies. Unless such studies are done, con-
cluding that technologies for acid soils have proven “‘elu-
sive,” as the Oram-Hojjati study claims, may be
premature. Evidence from Brazil indicates that the adop-

tion of these technologies in the Cerrado region was
facilitated by the development of infrastructure, by a
policy decision to strengthen agricultural research in the
country and adaptive research in the region (through
establishing Empresa Brasileira de Pesquisa
Agropecuaria [EMBRAPA] and Centro de Pesquisa
Agropecuaria dos Cerrados [CAPC]), and by the avail-
ability of capital for the farmers who sold their land in the
south and migrated to the north (Abelson and Rowe 1987).
Consequently, the Cerrado region, which produced little
crop output in the early 1970s, accounted for 30 percent
of grains, 12 percent of sugarcane, and 40 percent of
coffee production in Brazil in 1990 (Lopes, Malavolta,
and Guilherme 1990). Various technical studies in Asia,
Africa, and Latin America have demonstrated that liming,
fertilizers, and improved cultivars can convert infertile
acid soils into fertile soils for crop production {{IBSRAM
1987). However, the economic viability of these technolo-
gies and the constraints on their adoption require further
research.

Mixed Cropping Versus Monocropping

In most African countries, sorghum and millet are grown
in systems of mixed cropping. These systems were a
rational response to risky, uncertain, and low moisture
regimes of semiarid parts of Africa. As aresult, improved
cultivars developed for monocropping environments
were not adopted by farmers because total crop cutput
under improved monocropping was generally lower than
that under traditional mixed cropping. This led to two
widely accepted but opposite conclusions among social
scientists and natural scientists. Social scientists con-
cluded that no crop technologies are suitable for African
agriculture, especially for the sorghum-millet systems,
and therefore efforts must be made to develop improved
cultivars for mixed cropping systems; otherwise there-is
little hope of raising crop production in Africa. On the
other hand, natural scientists argued that developing im-
proved cultivars for crops in mixed cropping systems is
difficult because improved cultivars or high-yielding va-
rieties for each crop have different requirements of mod-
ern inputs, such as fertilizers and plant protection
materials, and of farm management practices. Hence,
mixed-cropping systems should be transformed into
monocropping systems. An overemphasis on the search
for improved cultivars, however, has resulted in the ne-
glect of soil fertility constraints. Many African soils are
poor in natural fertility and low in nutrient reserves (Mok-
wunye 1991). Unless the soil fertility constraints are re-
moved, even the miracle seeds may not perform well,
Thus, efforts should be made to improve and sustain soil
fertility. The adoption of technologies that enhance soil
fertility and angment the supply of crop residue can con-
tribute to both increased crop output and resource conser-
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vation under the existing mixed cropping systems, Nev-
ertheless, as in the case of technologies for improving the
fertility of acid soils, the technologies for enhancing and
sustaining soil fertility in Sub-Saharan Africa have two
investment components: one represents fixed capital in-
vestment and the other variable (‘“‘maintenance”) invest-
ment. Economic viability of such investments, especially
capital investment, needs further research.

Supply Systems and Incentive
Structures

The disruption of supply systems and incentive structures
has caused deceleration in yield growth in Eastern Europe
and the former Soviet Union. Once the new systems and
competitive market structures are in place, these regions
will attain higher yields through individual initiatives and
efficient management of resources and inputs, Under cen-
tral planning, firms and farms had little incentive to opti-
mize input use. No wonder that about 20 percent to 30
percent of the reported fortilizer use was wasteful. As
indicated, foreign-exchange shortages also resulted in the
limited use of plant protection materials and farm machin-
ery. As these constraints are gradually eliminated and
private farm enterprises combine incentives, skills, and
resources, these regions shounld be able to increase crop
yields significantly by better adoption of the existing
agricultural technologies.

Micromanagement of Yield-Growth
Factors

Yield growth in the past resulted mostly from the use of
high-yielding varieties, fertilizers (especially nitrogen),
plant protection materials, and improved farm manage-
ment practices in irrigated areas of the developing coun-
tries. Future growth in crop yields for these areas will
require micromanagement of other factors—such as mi-
cronutrients, nutrient balances, organic matter supply, and
soil analyses—as well as environmentally sound manage-
ment of nutrients from all sources, including fertilizers,
These factors will require relatively more knowledge and
education on the part of farmers, as well as further re-
search and extension efforts. In addition, future efforts
must be focused on those geographical areas where the
adoption of existing technologies is modest or insignifi-
cant because potential for yield growth in such areas is
relatively higher. These areas include those with high and
medium rainfall as well as those with undeveloped
groundwater potentials. However, extending the known
technologies to these areas will be relatively more re-
source-demanding in terms of extension, education, infra-
structure, and institutions. On the other hand, yield growth
in these areas will also create greater linkages in terms of
employment creation and poverty reduction.

Untapped Potential of Known Crop
Technologies

The evidence is overwhelming from field trials, experi-
mental stations, and research institutions that, for many
agro-ecological zones, crop technologies having higher
yield potentials are available, If these technologies were
adopted properly, they could increase crop yields signifi-
cantly in the farmers’ fields. In this context, the observa-
tion by Borlaug and Dowswell (1993, 15) is pertinent:

... there are still many improved agricultural tech-
nologies—-already available or well advanced in the
research pipeline—that can be employed in future
years to raise crop yields. There are large “yield
gaps” in virtually all low income, food deficit de-
veloping countries as well as the Former Soviet
Union and Eastern Europe.

While contrasting grain yields in China, India, the
United States, and the former Soviet Union, Borlaug and
Dowswell observed that average grain yields in India and
the former Soviet Union are still very low compared with
those in China and the United States. These countries have
tremendous potential to raise their average cereal yields
by 50 percent to 100 percent by applying known technolo-
gies at the farm level. To quote Borlaug and Dowswell
(1993, 13):

It is not sophisticated molecular genetics or biotech-
nology that are going to transform agricultural pro-
duction in these two countries over the next two
decades, but rather more widespread and better
application of existing technology.

The Sasakawa-Global 2000 project (Dowswell 1990)
in Ghana and other African countries demonstrated that
the adoption of known seed and fertilizer technologies and
associated measures can increase maize yields by 59-190
percent (Table 3). Sorghum yields can also be increased
by 140-308 percent by using improved crop varieties,
fertilizers, and proper weeding and management (Table 4).

Table 3—Average maize yields in production
test plots and farmer plots in Ghana,

1988
Average Yield
Increase of
Region PTPs FPs PTPs Over FPs
(kilograms per hectare) (percent)
Volta 4,070 2,351 73
Eastern 4,297 1,851 132
Central 4197 1,677 150
Western 4,640 1,600 190
Brong Ahafo 4,270 2,680 59
Ashanti 4,270 2,340 82

Source: Martinez et al. 1990, 39 and 45,
Note:  PTP is production test plot; FP is farmer plot,
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Table 4—Average yields of maize and sorghum
varieties in production test plots and
farmer plots in Upper Eastern Region,
Ghana, 1988

Average Yield
Increase of
Crops PTPs FPs PTPs Over FPs
(tons per hectare) {percent)

Maize

Safita |l 2.00 1.25 60

Aburutia 3.50 1.63 115

Dobidi 3.00 1.88 60

Local maize 1.50 0.75 100
Serghum

Framida 245 0.60 308

Nafa White 3.00 1.25 140

Local sorghum 1.75 0.50 250

Source: Martinez et al. 1990, 50.
Note:  PTP is production test plot; FP is farmer plot.

Research at the ICRISAT Sahelian Center in Niger has
shown that millet yields declined significantly under con-
tinuous cultivation without fertilizers. Crop yields im-
proved substantially with the application of crop residue
and fertilizers (Figure 1).

Even rice and wheat yields in many countries are well
below the practical yield potential of the known technolo-
gles. Actual maize, sorghum, and millet yields are lower
than what is practically attainable in the farmers’ fields
with known technologies. Compared with the maximum
possible yield, farmers’ yields are extremely low in many
developing countries (Plucknett 1993).

In addition to known seed and fertilizer technologies,
some other technologies exist that have the potential to
increase crop yields with lower amounts of fertilizers and
that can be adopted by resource-poor farmers. One such
technology is the deep placement of urea supergranules or

- urea briquettes fortified with diammonium phosphate for

paddy cultivation. Research on farmers® fields done by
International Fertilizer Development Center scientists and
collaborators suggests that the use of this technology can
increase rice (paddy) yield by an average of 1.3 tons per
hectare, or 42 percent, with moderate levels of fertilizer
use. These yield benefits are over and above the yiclds
obtained by broadcasting (spreading) nitrogen fertilizers.
The incremental cost—benefit ratio is higher than the mini-
mum value of 2 usually recommended by FAO (Savant et
al. 1993). In addition, this technology provides environ-
mental benefits by reducing ammonia volatilization losses
and nitrogen and phosphorus runoff leading to eutrophi-
cation, Nevertheless, this technology is suitable only for
flooded rice systems. Adequate support for production of
utea briquettes and extension and demonstration to farm-
ers are needed to promote their use on a wider scale,
Another low-cost technology with high potential is the
direct application of phosphate rock. Many developing
countries, especially in Africa, have phosphate rock (Ta-
ble 5), which can be used to supply phosphorus to increase
crop production and maintain soil fertility. In Mali and
Colombia, additional yields of more than 1 ton of maize
and rice have been obtained by using phosphate rock as a
source of phosphorus fertilizer (Table 6). Many countries
having macroeconomic difficulties, and foreign-
exchange shortages may benefit by using such indigenous

Figure 1.—Effect of combined fertilizer and residue management on millet yield, Niger
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Table 5—Some phosphate rock deposits in the
developing countries

Total
Reserves
and Type of
Country Location Resources Deposit
{million tons)
Africa
Angola Cabinda 120.0 Sedimentary
Burkina Faso Kodjarl 1,600.0 Sedimentary
Liberia Bomi Hills 1.5 Sedimentary
Mali Tilemsi Valley 20.0 Sedimentary
Niger Parc W 100.0  Sedimentary
Senegal Talba 1,100.0  Sedimentary
Thies 2,080.0 Sedimentary
Tanzania Minjingu 10.0 Sedimentary
Togo Hahotos,
Kpogame 300.0 Sedimentary
Uganda Sukulu 200.0 Igneous
Zaire Matadi 83.0 Sedimentary
Zambia Kaluwe,
Nkomba 400.0 Igneous
Asia
Christmas Island 200.0 Sedimentary
India Udalpur,
Jaisamand 70.0  Sedimentary
Mussocorie 18.0 Sedimentary
Jhabua Singhbhum, etc. 52.0 Sedimentary
Philippines Negros Island 0.5 Igneous
Sri Lanka Eppawala 300.0 Igneous
Vietnam Lao Clay §500.0 Sedimentary
Latin America
Brazil Anitapolis 320.0 Igneous
Araxa 500.0 Igneous
Catalao 370.0 Igneous
Ipanema 120.0 Igneous
Jacupiranga 100.0 Igneous
Olinda 20.0 Sedimentary
Patos de Minas 700.0 Sedimentary
Tapira 950.0 Igneous
Colombia Huila 138.0 Sedimentary
Pesca 600.0 Sedimentary
Sardinata 80.0 Sedimentary
Turmeque 10.0 Sedimentary
Chile Mejillones 4.0 Sedimentary
Mexico Baja California 1,000.0 Sedimentary
Zacatecas 140.0 Sedimentary
Peru Sechura
(Bayovar) 6,100.0 Sedimentary
Venezuela Riecito 40.0 Sedimentary

Source: Hammond, Chien, and Mokwunye 1986.

Notes: Morocco, Jordan, Tunisia, and China have developed
large deposits of phosphate rock for fertifizer and indus-
trial production and exports; these phosphate rocks are
also suitable for direct application. Brazil, Indonesia,
Kenya, and Malaysia have used Imporied phosphate
rock for direct application. Reserves ars known and
extractable deposits, whereas resources are potential
rgserves.

agro-minerals for crop production and environmental pro-
tection. Nevertheless, because phosphate rocks differ in
reactivity (ability to provide soluble phosphorus for plant
growth), and crops and soils have different requirements
for soluble phosphorus, adequate research should be pro-
vided to develop appropriate application rates.

Factors Affecting the Yield Gaps: The
Role of Policy

If technologies are known to increase crop production,
why have many developing countries, especially in Af-
rica, not adopted these technologies when they are facing
food security crises?

Broadly, the growth in crop production in general and
crop productivity (yield increases) in particular are de-
pendent on two factors, namely technology and policy.
Technology creates the physical potential for increasing
crop production within ecological constraints by shifting
the production function upward and by raising the yield
ceilings. The realization of that potential depends on the
existence of a conducive and stable policy environment.!
To quote The Pearson Commission (1969), “The Green
Revolution has been a matter of both new technology and
new policy.” Technology creation requires continuous
research, and agricultural research, being a public good,
cannot be sustained without adequate funding and policy
support.

Without a sound and stable policy environment, tech-
nology adoption will be slow and may not have significant
impact on food production and food security; technolo-
gies may remain on the shelf rather than reaching the
farms, where they belong. Policies such as macroeco-
nomic, pricing, credit, marketing and distribution, re-
search and extengion, and environmental tend to have a
major impact (Bumb 1991; Bumb et al. 1994). Although
the following discussion focuses on the role of the policy
environment in promoting fertilizer use, the analysis will
have general applicability to other components of existing
crop technologies (such as seed, irrigation, and plant
protection materials) because fertilizer use is highly com-
plementary to these inputs.

Macroeconomic policies should ensure that foreign-
exchange shortages, exchange-rate depreciation, and tar-
iffs do not constrain the supply of fertilizers and other
inputs needed for technology adoption. Wide fluctuations
in crop and fertilizer prices can discourage farmers from
adopting even highly productive technologies. The incen-
tive prices must be supported by adequate supply of credit
for farmers and fertilizer dealers so that lack of finance
does not become a constraint on supply and use of im-
proved inputs. In several developing countries, credit has
been identified as a major constraint on technology adop-
tion, especially when subsidies were drastically reduced
and fertilizer prices increased rapidly because of currency
devaluations,

Phasing and sequencing of policy reforms warrant
special attention. Through proper planning and phasing,
many of the negative impacts of policy changes can be
minimized, if not eliminated altogether. For example,
during the 1980s in Bangladesh, fertilizer subsidies were
removed, and marketing and distribution of fertilizers
were privatized. In spite of these changes, fertilizer use
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Table 6—Impact of direct application of phosphate rock on crop yields in Mali and Colombia

Maize Cotton
Phosphate rock 1982 1984 1983 1985
(kilograms per hectare)
Tilemsi phosphate rock, Mali
Control {no phosphate rock) 495 260 447 261
Phosphate rock®? 1,934 1,354 1,759 983
Upland Rice
(kilograms per hectare)
Huila phosphate rock, Colombia
Control {no phosphate rock) 800
Phosphate rock? 2,500

Source: IFDC 1994b.
FAnnual application of 26 kilograms phosphate per hectare.
bAnnual application of 20 kilograms phosphate per hectare.

and rice production increased significantly (Ahmed
1993). In contrast, policy reforms introduced in a ‘“*big
bang” manner in Poland, Russia, and Zambia reduced
fertilizer use drastically. Given the impact that reforms
dealing with devaluation, subsidy removal, and privatiza-
tion are likely to have on fertilizer use and technology
adoption, great caution is needed in introducing these
reforms (Bumb 1995). It must be stressed that successful
policy reform is a long-term process that could easily
require a decade or more to complete. In Bangladesh,
fertilizer sector reforms were implemented over a 15-year
period and are still continuing,

Inefficiencies in marketing, distribution, and transpor-
tation of input result in low crop yields in many countries
because fertilizers are not available at the right time and
atthe lowest cost. Ini some African countries, farmers have
to travel 18 to 20 miles to get a bag of urea, and many
times they may have to make more than one trip because
sales outlets are open only for a limited number of hours
in the week, In Romania, farmers have to travel more than
100 miles to buy fertilizers from the factory because,
under the economic reforms, the state agencies have com-
pletely withdrawn from input distribution and the private
sector agencies have not been able to replace them. Supply
organizations should be flexible to meet farmers’ needs.
Many countries have failed to provide adequate support
for educating farmers about new technologies and man-
agement practices. Promoting technology with appropri-
ate demonstration and dedication is as important as its
creation. The fact that many farmers in Aftican countries
still do not know about fertilizers and some of those who
know use NPK 15-15-15 for topdressing shows that a
considerable “knowledge gap” exists.2 If used improp-
erly, crop technologies may have an adverse impact on the
environment; the environmental policy should therefore
provide guidelines and other information to minimize
such adverse environmental impacts associated with new
and known crop technologies, It should also provide
support for preventing soil degradation, desertification,

and deforestation by promoting suitable technologies and
practices.

The impact of the policy environment on the growth in
fertilizer use and the adoption of associated technologies
is illustrated by analyzing the developments in fertilizer
consumption in South Asia and South America during the
1970-92 period (Figure 2).

During the 1970s, fertilizer use grew by more than 10
percent per year in both regions, However, annual growth
in fertilizer use dropped drastically during the 1980s and
became negative during the early 1990s in South America
(Figure 2a). Fertilizer use not only grew slowly but also
fluctuated widely. As a result, fertilizer use in 1990 was
no higher than that in 1981 (5.3 million nutrient tons). In
contrast, fertilizer use in South Asia (Figure 2b) grew at
9 percent per year. In absolute amounts, fertilizer use in
South Asia increased from 7.0 million nutrient tons in
1980 to 14.8 million tons in 1990.

This contrasting experience is mostly a result of differ-
ences in the policy environment experienced by the two
regions. The South Asian countries maintained a stable
and conducive policy environment for promoting growth
in fertilizer use and technology adoption, whereas the
South American countries experienced a nonconducive
and unstable policy environment. First, foreign-exchange
shortages and debt crises adversely affected many coun-
tries. This resulted in reduced foreign-exchange support
for fertilizer imports and thereby constrained supplies.
Second, sudden withdrawal of subsidized credit in Brazil
and fertilizer subsidies in Venezuela in the early 1980s
reduced fertilizer use drastically, Third, exchange-rate
depreciation and subsidy removal contributed to a rapid
increase in prices and in requirements for credit, but the
availability of credit funds decreased in many countries.
Fourth, high interest rates in many countries made it
unprofitable to borrow for fertilizers and other agricul-
tural purposes. Finally, declining prices for many export
crop commodities also affected the profitability of fertil-
izer use and technology adoption. All these factors made
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Figure 2—Annual growth rate of fertilizer
consumption in South America and
South Asia, 1970-92
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Source: FAOQ, Fertilizer Yearbook, various years.

the policy environment highly unstable and nonconducive
to growth in fertilizer use in South America.

The impact of little growth in fertilizer use in South
America may be reflected in decreased per capita cereal
production. Scuth America’s per capita cereal production
peaked at 319 kilograms in 1982. It then dropped and
remained below that level during the 1980s, decreasing to
241 kilograms in 1991,

The Role of Fertilizers

The role of fertilizers in promoting crop yields through
the adoption of improved crop varieties and other related
measures is well documented (Backman et al. 1990).
Fertilizers play an important role in replenishing the nu-
trients removed by harvested crops. The mining of nutri-
ents has become a serious problem in many developing
countries, especially in Sub-Saharan Africa. A recent
study estimated that many countries in Sub-Saharan Af-
rica have negative balances in their nutrient balance sheets
(Stoorvogel and Smaling 1990). On average, harveited
crops and other factors remove more than 10 million tons

of nutrients from the soils annually. In contrast, Sub-Sa-
haran Africa is currently applying about 1.5 million tons
of nutrients, leaving its soils depleted of more than 8
million tons of nutrients each vear.

Traditionally, fallow systems and shifting cultivation
practices were used to replenish most of the nutrients
removed by crops. However, because of increasing popu-
lation pressures and food requirements, the length of
fallow perieds has been reduced from 10-15 years to 2-3
years in many areas. In some countries, continuous culti-
vation has fully replaced shifting cultivation, and many
resource-poor farmers are pushed to cultivate fragile land
and cut habitat-rich forests to produce food. As soils in
these areas are fragile in structure and poor in nutrients,
they cannot support continuous cultivation unless nutri-
ents are supplied from external sources. Furthermore,
because of competing demands for fuel, fodder, and con-
struction materials, very little crop residue is currently
plowed back. Hence, fertilizer applications appear to be
essential to replenishing the removed nutrients and to
intensifying cultivation in high potential areas, and thus
to reducing pressure on marginal land and forestlands.
Reducing this pressure would help in preserving re-
sources, protecting the environment, and maintaining bio-
diversity,

In many nutrient-poor soils of the tropics, fertilizers
create additional biomass and crop residues, which can be
maintained on the field to enhance the supply of organic
matter. The soil organic matter builds soil structure and
permeability and increases water-holding capacity,
thereby improving nutrient-use efficiency and soil pro-
ductivity, Crop residues also decrease surface runoff and
soil erosion. Thus, fertilizers can create a *‘win—win”
situation for both increased crop production and de-
creased soil degradation (Brady 1993).

Balanced fertilization (adding nutrients in proper pro-
portion) is important both in raising crop yields and in
preserving the resource base. Unbalanced fertilization
reduces fertilizer-use efficiency and may harm the envi-
ronment. In many developing countties, nitrogen use has
been promoted excessively. Consequently, N:P205:K20
ratios are unbalanced (Table 7).3 In China and India, for
every 10 units of nitrogen, farmers use 3 to 4 units of
phosphate and 1 to 2 vnits of potash. Many soils have a
natural supply of phosphorus and potassium; thus, at
lower levels of nitrogen use, soil phosphorus and potas-
sium can supply the needed phosphorus and potassium for
plant growth. However, in the long run, this source of
phosphorus and potassium becomes depleted and soil
fertility declines. In addition to nitrogen, phosphorus, and
potassium, soils also need sulfur, zinc, magnesium, boron,
and other micronutrients for healthy plant growth and
crop output. Little attention has been paid to these micro-
nutrients in the past. In the future, fertitizer strategy should
place relatively greater emphasis on these micronutrients,
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Table 7—N:P205:K20 ratio, 1990
N:P20:K20 Ratio

Region/Country

Africa
Cameroon 1.0:0.24:0.33
Ghana 1.0:0.21:0.33
Egypt 1.0:0.26:0.05
Kenya 1.0:0.73:0.22
Nigeria 1.0:0.47:0.44
Zambia 1.0:0.32:0.13

Asia
Bangladesh 1.0:0.35:0.11
Ching 1.0:0.27:0.08
India 1.0:0.41:0,16
Indonesia 1.0:0,42:0.17
Pakistan 1.0:0.27:0.03
Turkey 1.0:0.52:0.05

Latin Ametica
Argentina 1.0:0.54.0.08
Brazil 1.0:1.57:1.54
Colombia 1.0.0.42:0.65
Cuba 1,0:0,22:0.58
Mexico 1.0:0.28:0.07
Venezuela 1.0:0.79:0.64

Source: Derived from FAO data, Fertilizer Yearbook,
various years.

Yertilizers alone will not create a sustainable system of
agriculture. Fertilizers should form an integral part of an
integrated nutrient management system that uses nutrients
from all sources, including crop residues, animal wastes,
green manuring, and biological nitrogen fixation. Long-
term trials at the Morrow Plots in the United States, the
Rothamsted Experimental Station in the United Kingdom,
the Fukushima Experiments in Japan, and the Ranchi
Experiments in India have shown that productivity is
higher and sustainable over a longer period of time if
fertilizers are used in combination with farmyard manure,
crop residues, soil amendments, and crop rotations (Fig-
ure 3) (Tandon 1993).

Despite their important role, fertilizers cannot be effi-
ciently used in all agro-ecological conditions because they
can have an adverse affect the soils. Unless accompanied
or preceded by suitable measures, fertilizers can produce
adverse effects under the following circumstances.

First, as explained earlier, the acid soils of the tropics
(in savannas, humid tropics, rainforests) are generally low
in nitrogen, phosphorus, and potassium as well as in
calcium and magnesium. Nevertheless, application of fer-
tilizers is unlikely to be beneficial unless these soils are
first treated with liming materials to reduce their acidity
and aluminum toxicity. Without such treatments, ammo-
niacal nitrogen sources and organic forms of nitrogen will
further acidify and exacerbate the aluminum toXicity,
leading to considerable decrease in crop yields.

Second, adequate maintenance of organic matter is
essential to deriving the full benefits of fertilizer use. In
those agro-ecological zones of the tropics where soils are
sandy and low in organic matter, such as in West Africa,

the nutrient-holding capacity of the soils is very low. In
addition to nitrate leaching——which can occur on almost
all soils—calcium, potassium, and magnesium can be
leached below the rooting zones.

Third, plants require an adequate and timely supply of
water; thus, in arid and semiarid areas that receive erratic
rainfall, the risk of using fertilizers is much greater for
farmers than in those areas with more predictable rainfall.
Under conditions of low rainfall late in the cropping
season, nitrogen fertilizers can make crops more suscep-
tible to drought damage.

Environmental Concerns

In the developed countries, especially in North America
and Western Europe, fertilizer use has come under heavy
attack because of the possibility of an adverse affect on
the environment. Nitrate leaching, eutrophication, and
greenhouse gas emissions are the major environmental
concerns associated with fertilizer use (PPI/PPIC/FAR
1991). If managed improperly and used excessively, ni-
trogen and phosphate fertilizers undoubtedly have the
potential to cause harm to the environment (Figure 4).
However, several points shouid be kept in mind in devel-
oping a proper fertilizer-use strategy.

First, when nitrogen is applied excessively and im-
properly, nitrate leaching can occur from both organic and
inorganic sources of nitrogen, Nitrate leaching can also
occur from mineralization of organic nitrogen in the soil.
In Runnels County, Texas, in spite of low levels of fertil-
izer use, nitrate levels in groundwater averaged over 250
milligrams per liter, with a maximum of 3,100 milligrams
per liter.* These levels were due to mineralization of soil
nitrogen resulting from the cuitivation of grasslands. In
several developing countries, high nitrate levels in the
water were associated with sewage disposal, septic tank
drainage, and industrial wastes (Conway and Pretty

Figure 3—Trends in maize yield under different
treatments on an acidic red loam
(Paleustalf) at Ranchi in eastern India
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Figure 4—The effect of nitrogen fertilizer application on nitrate leaching and yield
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1991), Thus, the regulation of fertilizer application rates
alone will not help in reducing nitrate levels in the water,
if measures to control nitrate leaching from other sources
are not simulitaneously introduced.

Second, nitrate leaching depends on several condi-
tions, such as soil type, crop variety, weather conditions,
water management practices, and rates and methods of
applying nitrogen fertilizers. For example, a split applica-
tion of nitrogen can reduce nitrogen losses considerably.
Proper management of fertilizers should therefore be en-
couraged.

Third, studies have shown that nitrogen loss is highly
correlated with fertilizer rates in excess of crop needs.
When nitrogen fertilizers are applied in quantities much
higher than optimum crop requirements, nuirients are
more likely to be released to the environment. Hence,
every effort should be made to keep fertilizer use at
optimum levels through sound management practices.
Moreover, in the developed countries, especially in West-
etn Europe, not only are the application rates of nitrogen
fertilizers high, but also the application of animal manures
derived from external feed sources is excessive. Conse-
quently, the soils receive more nutrients than the crops can
use or the soils can absorb, and nutrients are released into
the water and the atmosphere. In contrast, nitrogen appli-
cation rates are very low in many developing countries
(Figure 5}, and animal manures and crop residues are used
for fuel, fodder, and construction purposes. As a result,
more nutrients are removed from the soils than are applied
(Stoorvegel and Smaling 1990), In many developing

countries, the increased application of nitrogen fertilizers
is not expected to cause harm to the environment. On the
other hand, inadequate applications of nitrogen and other
fertilizers are causing the degradation of the resource base
through nutrient mining and through pressures on fragile
lands and habitat-rich forests for crop production. How-
ever, in certain areas, such as Java in Indonesia, Punjab in
India, and Guangdong in China, nitrogen application rates
are high enough to warrant environmental monitoring.

Figure 5—Nitrogen fertilizer use per hectare of
arable land and land under permanent
crops, 1990
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Fourth, the amount of nitrogen that becomes a pollut-
ant to the environment is roughly inversely related to
nutrient uptake by plants: the higher the nutrient uptake
by crops, the lower will be nutrient losses to the environ-
ment. Because nutrient uptake efficiency ranges from 30
percent to 70 percent, some contamination of the environ-
ment through nutrient losses is inevitable. However, this
contamination can be minimized by developing efficient
nutrient-use strategies based on split applications, modi-
fied products, deep placement of fertilizers, integration of
farming and livestock activities, and improved cultivation
practices. Matching fertilizer recommendations with crop
requirements and nutrient reserves in the soil can also
prevent nutrient losses to the environment.

Fertilizer Outlook
Fertilizer Outlook in the 1990s

Global fertilizer use increased from 112.5 million nutrient
tons in 1979/80 to 145.6 million nutrient tons in 1988/89.
Since 1988/89, fertilizer use has been decreasing, mostly
because of the fall in fertilizer use in the developed
countries. This trend is expected to continue until the
mid-1990s (Bumb 1994).

Although a significant proportion of the decrease in
global fertilizer use in the early 1990s was due to a drastic
fall in fertilizer use in Eastern Europe and the former
Soviet Union, other regions, such as Latin America and
‘Western Europe, also registered declines in their fertilizer
use and therefore contributed to the decrease in global
fertilizer use (Table 8). North America, Sub-Saharan Af-
rica, West Asia/North Africa,’ and Oceania experienced
modest increases; only East Asia and South Asia in-
creased their fertilizer use by significant amounts between
1989/90 and 1992/93.

The demand projections presented in Table 8 are de-
veloped by combining econometric methods (structural
demand equations), qualitative estimates, and informed
judgments at the regional and country levels.® These
demand projections indicate ‘‘effective demand™ for fer-
tilizers and therefore are different from those projections
that are based on food production or agronomic (nutrient
removal) requirements. Consequently, the projected ef-
fective fertilizer demand of 66.1 million nutrient tons for
the developing countries (excluding China) in 2010 is
" lower than that of 79.8 million tons of requirements
projected by FAO (1993).

The demand projections suggest that global fertilizer
use will gradually recover to about 142.6 million nutrient
tons in the year 2000. These projections imply that global
fertilizer use in the year 2000 will be slightly lower than
it was in 1989/90, Compared with the growth in giobal
fertilizer use in the 1970s and the 1980s, little growth has
occurred in the 1990s (Table 9),

Table 8—Fertilizer demand, 1989-90 to 2010

Actual Projection
Region 1989-90 1992-93 2000 2010
{million nutrient tons)
Developed Countries B1.2 57.7 60.7 67.0
North America 209 21.2 221 230
Western Europe 221 17.0 156.7 155
Former Soviet Union® 245 2.2 13.0 17.0
Eastern Eurcpe 9.2 29 5.1 6.0
Qceania 1.8 1.9 2.2 3.0
Otherst 2.8 2.7 26 25
Developing Countries 62.2 68.2 81.9 995
Sub-Saharan Africa 1.2 1.5 19 30
Latin America 8.2 7.9 103 136
West Asia/

North Africa 56 6.0 73 95
South Asia 14.8 15.7 205 274
East Asia® 323 37.0 419 460

China 25.4 287 311 334

Others 6.9 8.3 108 126

World 143.5 125.9 142.6 166.5
Source: Actual—FAO, Fertilizer Yearbook, 1993; projections—
IFDC 1994a.
Note:  Totals may not add up because of rounding.
Includes Russia.
PIncludes Israel, Japan, and South Africa.
“Includes the developing countries of Oceania.
Table 9—Growth in global fertilizer use
Change
Year Fertilizer Use Absolute Relative
(million nutrient  {million nutrient (percent)
tons) tons)
1959-60 27.4 e .
1969-70 63.5 8.1 131.8
1979-80 112.5 49.0 77.2
1989-80 143.5 3.0 27.6
1999--2000 -06
(projection) 142.6 -0.9
2009-10
(projection) 166.5 239 16.8

Source: Actual—FAQ, Fertilizer Yearbook, various years; pro-
jections—IFDC 1894a.

Note:  The ellipsis {. . .) means not applicable.

Between 1992/93 and 2000, the developed-countries
group is expected to increase its fertilizer use by 3.0 million
nutrient tons and the developing-countries group by 13.7
million nutrient tons. North America and Oceania will
increase their fertilizer use by modest amounts, whereas
Eastern Europe may experience significant recovery. The
projected increases in fertilizer use in North America and
Oceania are expected to take place in response to increased
demand for grain exports in the late 1990s.

In Western Europe, fertilizer use is expected to decline
steadily because of changes in common agricuitural pol-
icy and environmental regulations. The recovery in East-
ern Furope may start in 1994/95, whereas in the former
Soviet Union it may start in the late 1990s; however, for
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both regions, fertilizer use levels in the year 1999/2000
will be significantly lower than those in 1989/90. It is
generally agreed that these regions applied fertilizers in-
efficiently. With improved efficiency and incentives,
these regions could improve their crop yields even with
lower application rates. However, the application rates in
the year 2000 will remain significantly lower than the
needed optimum rates,

All regions in the developing-countries group are ex-
pected to increase their fertilizer use, but South Asia and
East Asia will experience maximum absolute increase.
Sub-Saharan Africa will register modest absolute growth.

Because of existing surplus capacity and very little
growth, fertilizer supply potential will exceed fertilizer
demand in the 1990s and fertilizer surpluses therefore are
expected to dominate the global scene. Fertilizer short-
ages are unlikely to constrain fertilizer use. However,
most of the surplus capacity will be concentrated in North
America, the former Soviet Union, and Eastern Europe,
and thus most developing regions of Asia, Africa, and
Latin America will have to depend on fertilizer imports to
meet their domestic requirements,

Not all developing regions will have to depend on
fertilizer imports. West Asia/North Africa and Central
America will be major exporters, whereas South Asia,
East Asia, South America, and Sub-Saharan Africa will
be major importers of fertilizers (Bumb 1994).

Fertilizer Use Beyond 2000

Fertilizer use is projected to grow at 1.5 percent per year
during the 2000-10 period—from 142.6 million tons in
2000 to 166.5 million tons in 2009/10 (referred to as 2010
hereafier). Several factors account for a higher projected
annual growth in the early twenty-first century.

First, the reforming economies (Eastern Europe and
the former Soviet Union) are expected to have developed
better institutional infrastructures, management skills,
and policy environments and therefore will experience
higher recovery in fertilizer use. Second, improved eco-
nomic prospects in general will stimulate growth in crop
exports and thereby create higher demand for fertilizers
in North America and Oceania—major grain exporters,
Third, policy reforms of the 1980s and the early 1990s in
various Latin Amerjcan countries are expected to improve
incentives and the policy environment and to accelerate
growth in crop production, leading to growth in fertilizer
use. Fourth, food security concerns in A frica may generate
ahigher commitment to promoting growth in fertilizer use
in the future. Finally, the growing attention to nutrient
imbalances and environmental protection will promote
relatively higher growth in phosphate and potash use in
Asian countries,

In spite of the improved prospects in other regions,
South Asia and East Asia will remain the leading regions
in the recovery of fertilizer use, which in these regions is

projected to increase by about 11 million tons. Other
areas, except Western Europe, will register an increase of
about 1-3 million tons, Western Europe may experience
little increase. Overall, about 74 percent of the projected
increase is expected to occur in the developing countries
of Asia, Africa, and Latin America, where fertilizer use is
projected to increase at an annual rate of 1.9 percent.

To meet the projected demand in 2010, the world must
produce about 173.4 million tons of fertilizer nutrients.”
In the year 2000, the world will have a production poten-
tial of 163 million tons of nutrients (World
Bank/FAO/UNIDO/Industry Fertilizer Working Group
1994), Thus, the production capacity to produce an addi-
tional 10 million tons of nutrients must be created to
supply the required nutrients. In creating this additional
capacity, technology, capital, and feedstocks (raw mate-
rials) will not be the binding constraints, but the pricing
environment could become a serious obstacle. The pre-
vailing prices do not justify the additional investment in
fertilizer production. For example, investment in a new
ammonia—urea complex at the existing site requires a
minimum price of about $150 per ton, compared with the
prevailing average price of $95 per ton in 1993, Similarly,
investment in a diammonium phosphate plant requires a
minimum price of about $250 per ton, compared with the
1993 average price of $129 per ton.® In contrast, fertilizer
prices have been decreasing since the mid-1980s, and very
little new capacity has been created in the developed
countries, Most of the capacity expansion occurred in the
developing countries, where it was mostly need based and
highly subsidized.

There are two possibilities in the future. First, because
most of the growth in demand is expected to occur in the
developing region, these countries, such as India and
China, may continue to make investments to meet the
domestic demand for food security reasons, as they have
done in the past, or develop joint ventures with resoutce-
rich countries in West Asia/North Africa (Narayan and
Bumb 1994). Second, as demand catches up with the
existing supply, especially after the recovery in fertilizer
use in the reforming economies, fertilizer prices may
increase to justify new investments. In any case, fertilizer
shortages are unlikely to affect fertilizer use in the early
twenty-first century,

Conclusion

Large variations in crop yields among different countries
and gaps between farmers’ yields and experimental-sta-
tion yields suggest that a considerable untapped potential
exists to increase crop yields in the developing countries,
Eastern Europe, and the former Soviet Union. However,
the realization of this untapped potential depends on the
existence of a stable and conducive policy environment.
The contrasting performance of South Asia and South
America in promoting growth in fertilizer use and associ-
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ated technologies during the 1980s is mostly a result of
the contrasting policy environments. Great caution is also
required in sequencing and phasing-in policy reforms.

Fertilizers have played and will continue to play an
important role in promoting yield-raising technology.
They will also play a critical role in preventing resource
degradation resulting from nutrient mining and from pres-
sures on fragile lands and habitat-rich forests. Because
fertilizer-use levels are still low in many developing coun-
tries, their adverse affect on the environment is not a major
problem. In such areas, fertilizers can create 2 win—win
situation by promoting both increased crop production
and reduced soil degradation. Nevertheless, fertilizers
should form an integral part of an integrated nutrient
management system in which nutrients from all sources,
including biological and natural ones, are used to increase
production in an efficient and environment-friendly way.

The challenge of feeding the growing population man-
dates that global fertilizer use be increased in the future.
The demand projections indicate that global fertilizer use
will decrease significantly during the early to mid-1990s
and will recover to 142.6 million tons in the year 2000,
By 2010, however, it may reach 166.5 million tons, pro-
vided a cenducive policy environment is maintained.
Hence, efforts should be made to promote growth in
fertilizer use through sound policies and other measures
so that the twin goals of food security and environmental
protection can be sustained.

Notes

1. The policy environment is defined here to include not
only economic policies but also policies needed to
create supporting organizational arrangements and
institutional and physical infrastructures.

2. NPK 15-15-15 contains nitrogen (15 percent), phos-
phate (15 percent), and potash (15 percent). Because
only nitrogen fertilizer is needed for topdressing, the
phosphate and potash fertilizers in this product are
wasted when it is used for topdressing.

3. Balanced fertilization varies from one crop to another
and from one agro-ecological zone to another. How-
ever, most agronomists recommend that on average
N, P20s, and K20 should be applied in the ratio of
2:1:1.

4, Theregulations in the United States and the European
Union require that nitrate levels in drinking water
should not exceed 45-50 milligrams per liter,

5. West Asiais defined here as the region encompassing
Afghanistan, Bahrain, Cyprus, Iran, Iraq, Israel, Jor-
dan, Kuwait, Lebanon, Oman, Qatar, Saudi Arabia,
Syria, Turkey, United Arab Emirates, and Yemen.

6. The demand equations have price (fertilizer-to-crop)
ratio, lagged consumption, time trend, and areas har-
vested as explanatory variables. Projections about the
future values of these variables are used to project

future demand. These projections are then adjusted
in the light of agronomic potential, capacity to import
fertilizers, and conduciveness of the policy environ-
ment, especially during the reform process and struc-
tural adjustment programs. For example, in those
regions where per-hectare fertilizer use is already
high, for example, East Asia and Western Europe,
future growth will be limited even when the demand
equation based on the historical data may project
higher growth. Similarly, those regions where
macroeconomic, sectoral, organizational, and other
reforms are taking place will have limited scope for
growth, or may experience decline in the short and
medium terms. The speed of recovery in such regions
will be another factor that will affect growth in fertil-
izer demand. On the other hand, the capacity to
import fertilizers and the creation of a conducive
policy environment for fertilizer use are generally
major constraints in Sub-Saharan Africa.

7. Stock changes, in-transit shipments, and distribution
losses account for about 4 percent of the global fer-
tilizer production (Bumb 1989). Hence, it is assumed
that about 96 percent of the production will be avail-
able for use at the farm level.

8. Although fertilizer prices increased significantly in
1994 because of a sudden increase in demand for
fertilizers in North America (resulting from crop loss
due to the 1993 floods) and production shortages
resulting from interruptions in natural gas supply in
Belarus and Ukraine, these higher prices are unlikely
to be sustained in the long run,
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Chapter 8

PROSPECTS OF MEETING FUTURE FOOD NEEDS

THROUGH NEW TECHNOLOGY

By Donald L. Plucknett

This chapter deals with possible developments in science
that may improve prospects for increasing food produc-
tion, It starts with the following basic assumptions: (1)
continued intensification of agriculture is essential to
meeting global food needs, (2) environmental concerns
can be partly addressed by enhancing and sustaining
productivity on the best lands and thereby reducing
mounting pressures on fragile marginal lands, and (3)
research to find new pathways for productivity gains is
essential.

Factors that will determine the kinds of technologies
that will be needed include (1) the need for greater effi-
ciency of resource use in agriculture, both to prelong
supplies of finite resources and to reduce possible pollu-
tion effects; (2) the fact that agriculture in the future will
be even more management- and knowledge-intensive
than it is today; (3) a greater need for understanding the
fundamental physical, biological, and socioeconomic pro-
cesses (such as soils, genetics, crop protection) that affect
agriculture in particular ways; and (4) a greater need for
genetic materials and agronomic practices that are specific
to production locations. All of these point to the need for
a greatly increased knowledge base to support agricultural
production and development (Plucknett 1993).

Background

The most remarkable century in the history of human-
kind’s quest for food is coming to an end. The twentieth
century, particularly the latter half, was the time when
agriculture changed from a resource- and tradition-led
enterprise to a science-based industry. The change to a
science-based agriculture has meant higher and more sta-
ble production and a better way of life for hundreds of
millions of people. Developments made possible by sci-
entific agriculture have been responsible in large part for
the fact that agricultural production has performed much
better during the past 20 to 25 years than almost anyone
expected,

The question here is, Can scientific developments com-
bined with other necessary conditions for agricultural pro-
ductivity growth continue to boost global food supplies?

Some Realities

There are three basic strategies for increasing world food
production: bringing new lands into production (expan-
sion of the area cultivated), increasing the productivity of
existing lands (that is, raising yields) and increasing crop-
ping intensity through double or triple cropping or by
reducing fallow periods. For most of human history, pro-
duction increases came largely as a result of expansion of
the area cultivated. While such expansion is still going on,
it has slowed considerably; and for areas with large popu-
lations and limited land, such as Asia, expanding the area
cultivated is essentially no longer possible. This leaves us
with the need to increase productivity of existing lands by
raising yields, or by increasing the number of crops per
year, or both. (Alexandratos and Bruinsma 1982). In-
creased cropping intensity may not be arealistic option in
many resource-limited situations. Yields may be raised by
use of better plants or animals, by increased use of external
inputs, or by more intensive and careful management.
Agriculture over the next two or three decades faces a
number of realities, and will

* Be even more intensive;

# Need to produce twice as much in the next 30 to 35

years as now;

® Depend on higher yields from existing cultivated lands;

® Be heavily dependent on inputs that must be used

more efficiently and effectively;

® Be under greater pressure from environmentalists to

reduce soil erosion (a considerable amount of which
is produced by nonagricultural activities), and pesti-
cide and fertilizer use; and

® Be even more dependent on increased knowledge

and better farm or enterprise management.

The global agricultural community has learned some
lessons during the past three decades, a time when inter-
national cooperation in agricultural research and develop-
ment has helped propel much of the world into
unprecedented agricultural productivity growth. Lessons
learned about science-driven technology and its relation
to productivity include the following:
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® Higher yields are still attainable in most crops.

# Needed gains in productivity must come from
research that is well supported and has continuity—
once higher yields are attained, it takes more and
better research just to maintain those yields and keep
them advancing, even slowly.

& Future gains in productivity can be expected through
a combination of plant breeding and improved crop,
soil, and water management.

® Plant breeding and crop improvement efforts have
paid off handsomely—in most cases yield improve-
ment in coreals has resulted in annual gains of 1 to 2
percent in yield potential,

¢ Crop protection research has helped ensure that yield
potential is protected in the field from damaging
insects, diseases, and other pests.

® In cereals in particular, gains in productivity have
come largely through improvements in harvest index
(ratio of grain to leaves and stems), not through
increased biomass production by plants.

¢ Crops can be tailored more and more to the condi-
tions under which they will be grown, including
suboptimal soil, water, and weather conditions.

® Global cooperation in international agricultural
research has provided new ideas, technologies, train-
ing, and other support for national agricultural
research systems (NARSs), thereby speeding agri-
cultural preductivity growth.

® Rescarch should be extended from national to inter-
national levels, to ensure greatest benefit to all the
partners.

The lessons learned indicate yield and productivity can
be further improved. However, the situation is not totally
optimistic:

® Some lands in Asia, in particular, are experiencing

unprecedented production pressures under increas-
ing intensification. Double and even triple cropping
is being practiced on lands that formerly were single
cropped.

® Rice yields on some research stations and in some

farmers’ fields show signs of leveling or declining,
® The rice-wheat rotation in Asia is experiencing
some productivity problems,

¢ ]t has been suggested that both rice and wheat have

reached a yield platean and that their biological yield
limits are close to being reached.

® Factor productivity, especially in wheat, seems to

have declined in some cases in Asia.

The world has enjoyed almost three decades of un-
precedentod agricultural productivity growth, especially
in wheat and rice, but also in other cereals and other crops.
Much of'this growth has occurred in developing countries.
However, the overall picture still presents some reasons
for concern.

Yields: Farm, Research Station,
Record, and Theoretical

Figure 8.1 illustrates the four kinds of yields that must be
considered. The first yield category considered is farm
yields, both those achieved now and those that could be
achieved using present technology. Present farm yields
usually differ from practical yields that can be attained on

Figure 8.1—Yield categories and delineation of yield gaps 1 and 2
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the farm; that difference is designated as “Yield Gap 17
in the figure. The next category is research station yields,
which are usually achieved under more controlled condi-
tions than is possible or practicable on the farm. The
difference between yields on the research station and
practical farm yields is designated as ““Yield Gap 2.” The
next category is record yields, which are the highest yields
achieved under field conditions, usually by superior farm-
ers or research stations. The last category is theoretical
yields, which are calculated as the highest limit of biologi-
cal potential for a given location. Theoretical-yield calcu-
lations are made mostly on the basis of photosynthetic
potential, some measure of land quality, and length of the
growing season. In general, theoretical yields are much
higher than present yields, but for some crops the record
yields achieved come closer to theoretical yields than was
thought possible only a decade or two ago (Plucknett
1993).

Figure 8.2 illustrates the three major rescarch tasks that
relate to crop yields. The first is research for sustaining
present yields and protecting past gains; such research has
been termed maintenance research (Plucknett and Smith
1986). That term is not a very good one, because it
somewhat conveys the idea of standing still, of being
somehow a kind of “ho-hum,”’ routine research effort that
requires little thought or originality. Nothing could be
farther from the truth. An improvement on the term ““sus-
taining present yields,” “productivity maintenance re-
search,” has been suggested (Collins 1992) that should
improve understanding of the importance of such re-
search. Collins defined productivity maintenance re-
search as “‘any research required to sustain previous or
current productivity levels in the face of changes in the
environment.” Productivity maintenance research is

predicated on the fact that, as yields rise, research efforts
must constantly be stepped up to keep those yields up and
to prevent their sliding back to lower levels because of
increased pest or disease attack, declining soil nutrient
supplies, or increased vulnerability to such factors as
suboptimal growing conditions (Plucknett and Smith
1986). Productivity maintenance research, to be effective,
requires considerable amounts of basic and strategic re-
search as well as applied research.

The second research task portrayed in Figure 8.2 re-
lates to closing the yield gaps between present and prac-
tical farm yields, and between farm and research-station
yields. Closing yield gaps will require some strategic
research, but probably more applied and adaptive re-
search.

The third research task portrayed in Figure 8.2 relates
to raising yield potentials for important crops. Here stra-
tegic research will probably predominate, but with com-
plementary use of applied and adaptive research,
especially in multilocation testing.

Maximum Theoretical Yields

How high can yields go and how close is the world to
reaching maximum biological potential in crop yields?

In the 1970s a group of Dutch scientists undertook to
determine, in their own words, ““the absolute maximum
food production of the world, the upper limit of what can
be grown on all suitable agricultural land”* (Linneman et
al. 1979). To do this they estimated what the maximum
theoretical yields for crops might be. Theoretical yields
were calculated using optimum conditions of sunlight,
water, and nutrients, and without attack from insects and
diseases. They expressed potential yields in terms of grain
equivalents.

Figure 8.2-—Three main research tasks that relate to improving crop yields
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Table 8.5—Rates of yield gain in rice before and after yizld takeoff in some countries

Average Yleld Rate of Gain
Country Year of Takeoff 1961 1950 Before Takeoff  After Takeoff
{kilograms per hectare per year) '

Colombia 1966 2,000 4,100 0 +95
Korea, Democratic

People's Republic 1967 4,500 8,200 -29 +185
Indenesia 1967 1,800 4,400 +0.5 +111
Laos 1967 800 2,350 0 +67
Philippines 1968 1,250 2,800 +7 +68
India 1968 1,500 2,700 0 +50
Vietnam 1969 1,850 3,200 -12 +63
Venezuela 1971 1,400 3,300 +32 +81
Cuba 1973 1,400 3,200 +15 +88
Myanmar 1873 1,600 2,900 0 +59
Cameroon 1975 600 3,000 0 +113
Senegal 1980 1,200 2,200 0 +80
Honduras 1982 1,300 2,500 +18 +148
Guinea Bissau 15984 800 2,200 =30 +241
Chad 1885 1,100 3,000 =21 +410

Source: Plucknett 1993.

Table 8.6—Rates of yield gain in maize before and after yield takeoff in selected countries

Average Yield Rate of Galn
Country Year of Takeoff 1961 1990 Before Takeoff  After Takeoff
(kilograms per hectare per year)

United States 1937 (approx.) 4,000 7,400 0 +126
China 1961/before 1,200 4,200 : 7 +100
Italy 1965 3,300 7.600 +20 +184
Albania 1965 1,060 4,700 +25 +113
Belize 1966 500 1,600 0 +45
Spain 1967 2,400 6,400 0 +169
Korea, Democratic

People's Republic 1967 700 4,200 0-2 +168
Turkey 1969 1,400 4,000 +10 +119
Venezuela 1973 1,100 2,250 0 +64
Tanzania 1974 780 1,500 0 +45
Chile 1982 2,000 8,200 +30 +300

Source:; Plucknett 1993,

of improved management practices, all of which de-
pended heavily on scientific research.

The first Green Revolution in Europe, North America,
and Oceania depended on scientific advances in each
country that led to improved crop varieties, better under-
standing of land and water resources and their manage-
ment, increased use of plant nutrients (especially chemical
fertilizers), increased irrigation, improved crop protec-
tion, and improved crop management. In the early years,
most of these advances were “home-grown’’—depending
on the skills and materials at hand in a given country, but
with little or no international cooperation. However, in the

late 1960s and the 1970s, the global agricultural research
system helped provide additional impetus to productivity
in developed and developing countries. In some cases
production gains in developed countries were also stimu-
lated by increased use of subsidies.

The better-known, second Green Revolution began with
the release of new varieties of rice and wheat that repre-
sented a new paradigm in crop improvement. Borrowing
from the Japanese and Taiwanese experience in rice, scien-
tists sought plants that were dwarf or semidwarf in stature
and would respond better to inputs and improved manage-
ment. The new varieties generally possessed higher yield
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Figure 8.3—Wheat yields in China, 1949-92
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Figure 8.4—Rice yields in China, 1949-92
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potential than traditional varieties and were not susceptible
to lodging when fertilized. They also had a higher harvest
index than traditional varieties; were less sensittve to pho-
toperiod and therefore could be planted more widely; had
the ability to produce profuse tillers resuiting in more shoots
per plant; and, in rice, had sufficient grain dormancy to
prevent germination and spoilage of the grain in the panicle
before harvest. Also, shorter-duration varieties sometimes

fit better in double cropping or multiple cropping, thereby
allowing higher cropping intensities.

Agriculture Intensification and the
Global Agricultural Research System

By the early 1980s, continued world population growth
was estimated to result in a gradual reduction in the
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availability of agricultural land per capita, from 0.93
hectare in the mid-1970s to 0.5 hectare by 2000. For
countries that have scarce land resources and high popu-
lations, per capita agricultural land availability has been
estimated to be much lower, 0.3 hectare in the 19705 and
0.17 hectare in the year 2000 (Alexandratos and Bruinsma
1982). Swaminathan (1990, 1992) estimated that by about
the year 2000, per capita arable land availability will be
0.1 hectare in China and 0.11 hectare in India. With such
pressures on arable land, it is imperative that the expan-
sion of agricultural output be obtained almost entirely
from more intensive cultivation in the areas already under
cultivation. This in turn will depend in large measure on
continuous advances in agricultural technology (Ruttan
1984).

Before World War I, little cooperation existed be-
tween countries in agricultural research or technology
generation in agriculture; therefore, most countries devel-
oped agricultural technologies in relative isolation. That
is no longer true. Today some major elements of what can
be described as a global agricultural research system are
in place, within which any country can link its research
efforts to the international system to help solve important
problems.

The global system is made up of three major players:
NARSs of developing countries, IARCs, and advanced
laboratories and institutions in developed countries. These
players interact in a variety of ways, including bilateral
agreements, multilateral agreements, contracts, and re-
search networks. The system is founded on scientific and
research needs—no one has passed legislation calling for
its formation or appropriated funds to ensure its estab-
lishment, With its growth and development, it has become
the world’s largest and most collaborative scientific en-
terprise. Almost every country is involved in some way
and has invested some of its own funds, mostly at home,
to participate. Many developing countries worry that sci-
ence and technology developments will continue to pass
them by. The global agricultural research system provides
ameans for developing countries to participate in solving
problems relevant to them and the rest of the world. The
global system, being informal, depends largely on good-
will and the meshing of perceived needs of numerous
research organizations.

Current developments do not present a very favor-
able picture of the future health and effectiveness of the
global system. Too many countries continue to neglect
agriculture generally, and agricultural research in par-
ticular. The core institutions that provide leadership
and strength to the global system seem to be dispirited
because of an apparently weakened base of support
from donors and agencies that lend funds for agricul-
tural research and technology development. Gaod sci-
entists are not easy to replace, and sound institutions
take years to develop. If this trend continues, develop-

ingthetechnologiesthatwillbeneeded foradynamicand
productive agriculture two decades from now will be
difficult.

Effective Use of Genetic Resources

One of the success stories this century, particularly the
past two or three decades, has been the collection, conser-
vation, and use of crop germ plasm (Plucknett et al. 1987).
The global agricultural research system has been a key
player in this, Global priorities in collection and conser-
vation of crop genetic resources have been set and carried
out. The system includes gene banks linked to plant breed-
ing centers that draw on the conserved germ plasm to meet
existing and emerging problems. For most crops, breeders
can obtain needed germ plasm in a form they can use. This
is especially true for more advanced materials and some
landraces. Wild materials are being conserved, but breed-
ers find them more difficult to work with, so special efforts
are needed to place genes from wild materials into genetic
backgrounds that breeders can use more readily. The
international nursery system, organized and promoted by
the IARCs, has been very etfective in disseminating new
germ plasm and breeding lines around the world.

Biotechnology has expanded the scope of germ-plasm
work, allowing in some cases new approaches for using
wild relatives of crops as sources of genes to help over-
come key production problems. Germ-plasm conserva-
tion centers increasingly emphasize the collection,
conservation, and use of wild and weedy relatives. Until
now, most plant breeding efforts have focused on crosses
in the primary gene pool, that is, plants classified in the
same species as the crop in question. In the recent past,
wide crossing has made possible the incorporation of
genes from secondary gene pools into crops, with positive
results. Now biotechnology offers opportunities to use
genes from tertiary gene pools as well, by allowing some
gene transfers across wide interspecific or intergeneric
barriers.

Protecting, enhancing, and improving the global germ-
plasm system is one of the most effective ways to ensure
future crop-productivity gains. Doing this will require en-
sured financial support of the global network of base col-
lections, including those held by national and international
agricultural research centers, A problem in meeting the
needs of existing gene banks is the current global preoccu-
pation with in situ conservation at the expense of ex situ
conservation, which is the major strategy of the repositories
of most food crops. Presently, the major funding source for
global germ-plasm conservation, the Global Environmental
Facility, scems essentially to be biased against ex situ
conservation in favor of in situ conservation. Discussions at
the 1992 UNCED meetings in Rio de Janeiro followed
essentially the same fixation with in situ conservation. Ex
situ and in situ conservation should be seen as complemen-
tary strategies (Cohen et al, 1991),
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Yield Potential

Yield potential is defined as ““the yield of a cultivar grown
in environments to which it is adapted, with nutrients and
water nonlimiting and with pests, diseases, weeds, lodg-
ing and other stresses effectively controlled” (Evans
1981). Gains in yield potential are possible through plant
breeding. In developed countries genetic improvement of
crops, especially cereals, has led to annual yield gains of
1 to 2 percent (Innes 1992). Similar estimates are given
by the IARCs for their crop-breeding work.

Scientists must know the upper limits of yield for each
crop. This gives them targets to shoot for in production
systems. Also, where yield potential of a crop appears to
be reaching some limit, special attention needs to be
placed on trying to find ways to improve yield potential.
For rice, yield potential has not changed much, if at all,
over the past 25 years or 50, Yields of rice are more stable
and dependable today because of genetic resistance to
multiple pests and diseases and because of greater robust-
ness of varieties under difficult growing conditions. How-
ever, yield potential has not increased. A global effort to
raise the yield potential of tropical rice should be one of
the highest agricultural research priorities today.

It has been suggested that wheat, like rice, may be
reaching akind of yield plateau or ceiling, although analy-
sis of national yields does not appear to bear this out.
Indeed, some of the highest-yielding countries are also
those in which annual yield gains are well above the world
average. However, new sources of yield potential in all
crops—particularly in the major staples, including
wheat—still need to be sought out. Finding new avenues
for achieving high yield potential is an important, continu-
ing responsibility of research and should be pursued vig-
orously. The story of hybrid wheat makes interesting
reading in this regard (Knudson 1986).

Protecting Against Yield Losses

Many gains in crop protection have been made since
World War II, and cultural practices to control pests
remain important. New chemicals-—especially selective
or specific ones—have made possible the production of
large yields in the face of diseases, insect pests, and weeds.
Also, very impressive gains have been made through
breeding for resistance to crop pests. New machines are
available in many places to make crop protection more
effective and to save costs. Biological control has made
its contribution in some cases. Biotechnology has brought
many advances in diagnosis and control. Integrated pest
management (IPM) has been used sometimes as a means
to bring all available measures to bear in the field to
protect the crop from severe damage, but IPM is not a
panacea. IPM is both knowledge- and management-inten-
sive and requires considerable community organization
and coordination. IPM is definitely not a low-technology
solution, as some people appear to believe; however, it

bears attention as a way to gain effective control by using
all possible means in a balanced way.

Besides using and conserving genetic resources to
increase productivity by producing robust, high-yielding
plants, crop protection against important and emerging
plant and animal diseases and pests may be one of the most
important problem areas the global research system can
tackle.

International efforts to understand existing or emerg-
ing diseases, monitor them through early warning sys-
tems, and search for sources of resistance to be
incorporated effectively into crop plants have led to im-
portant achievements. Understanding the global status of
important diseases and locating sources of resistance are
essential; and the global system, with its many partners,
should be a major player in assembling and maintaining
the necessary databases and genetic collections. Biotech-
nology can help here by identifying genes for resistance
and improving disease diagnosis.

Similarly, the global system provides an opportunity
to understand the global status of important pests (includ-
ing weeds, insects, and vertebrate pests) and to establish
and maintain easily accessible databases for use by scien-
tists. The successful biological control effort for the cas-
sava mealybug in Africa (IITA 1989) has shown clearly
how targeted research can lead to widespread successful
control of a major crop pest.

Irrigation and Water Management

Irrigation remains one of the most important strategies for
increasing food supplies by boosting production on the
best lands, stabilizing food supplies, and reducing pres-
sures on marginal lands. However, future prospects for
expansion of irrigation are not especially promising, and
performance of existing irrigation systems is not as good
as it should be. Improved on-farm water management is
essential in existing systems to improve use of water and
to reduce negative environmenta! and production effects
from among other things, overuse of water, waterlogging,
and salinity or alkalinity buildup.

For most of the world, rainfed agriculture predomi-
nates. Improved practices are needed in rainfed farming,
especially to capture and use water where it falls, In this
regard, tillage can help to improve land preparation and
shaping of the soil surface, thereby enhancing water man-
agement in drylands. Using small catchments to store
runoff for future use is but one of many practices that can
be used.

Soil Fertility and Fertilizers

Intensification of agriculture will require continued in-
creases in fertilizer use. As much as a 7 percent increase
in fertilizer consumption per vear is needed to meet accel-
erating future needs (World Food Production Conference
1989).
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De Wit (1968) stressed that in large parts of the world
the soil under natural conditions or in agricultural use
releases a meager 30 kilograms of plant nutrients per
hectare per year, sufficient for a grain yield of only 1,000
to 1,500 kilograms per hectare. Therefore, in most cases,
to drive yields up, nutrients must be applied as chemical
or organic fertilizers from sources external to the farm.
Soil fertility and fertilizer research should receive a high
priority in most countries, and especially in developing
countries. Careful studies of natural nutrient-supplying
capacity of soils, fertilizer needs, fertilizer efficiencies,
and better crop and soil management are essential (Pluck-
nett and Sprague 1989),

Strategic Agronomic Research

Much agronomic research can be highly location specific
and, in technology transfer terms, would be called vertical
(that is, narrow) transfer. Such research requires local
research and local solutions, and every country should
have the capability to carry out such research effectively.
However, some topics could be termed “strategic agro-
nomic research,” the solutions for which are much less
site specific and in technology transfer terms would be
called horizontal (that is, wide) transfer. Strategic agro-
nomic research should receive much more attention, both
at national and international levels. Improved agro-eco-
logical characterization and models for technology trans-
fer from one place to another using better soil or
agro-climatic data are but two examples. Also, practices
to improve the use and efficiency of water, fertilizers, and
other inputs would be included.

The New Biology

Discoveries in molecular biology, genetics, and biochem-
istry are opening new frontiers of knowledge in plant and
animal sciences. Such knowledge will provide new tools
for plant and animal improvement, as well as new avenues
for scientific discoveries related to enhancing and protect-
ing biological productivity.

Prospects for biotechnology, including genetic engi-
neering, were graphically illustrated by Jones (1990) and
are shown in Figure 8.5. This figure, which might be
described as a ladder of potential success over time,
indicates yield enhancement and quality improvement are
least likely to be achieved in the near future from genetic
engineering, while herbicide, virus, bacterial, and insect
resistances are more likely in the near term. So far, the
estimates of success shown in Figure 8.5 have held up
well, although some consider that certain targets have
been achieved earlier than was thought probable.

The largest gains in productivity from biotechnology
over the next two decades or so are likely to come in crop
and animal protection. New diagnostic tools based on
recombinant DNA are already in use, and more are in the
pipeline. Single-gene resistance to some pests and dis-

cases has been found and transferred to economic plants,
Although such single-gene resistance is usually not long-
lasting and ‘““‘durable,” some measure of protection
against certain diseases or other problems is possible for
a while, allowing time to be gained to find multigenic,
durable sources of resistance.

Early promised gains in yield potential from genetic
engineering largely have proved to be too optimistic.
Yield is believed to be controlled and conditioned by
numerous genes working together. How to move such
groups of genes together successfully without gaining at
the same time undesirable genes that must be weeded out
before successful varieties can be developed is not well
understood, With time, yield gains will probably be made
here and there, but for the next two decades or so only
halting and modest gains in yield potential are likely from
genelic engineering. Genetic mapping promises to give us
powerful new tools for crop improvement that might
change the picture somewhat, but such new tools are
likely to take time to develop and-use.

Wide crosses based on new tools from biotechnology are
likely to continue to be important. A number of crops—
groundnut, potato, and wheat—have already benefited from
wide crosses. In some cases, yield potential may be im-
proved and crop protection almost certainly will.

Can Future Needs Be Met?

Over the past 40 years, the growth of agricultural produc-
tivity both in terms of yield gains and total production has
been impressive, and the yield gains achieved hold prom-
ise for making future gains. However, a word of caution
must be raised. Achieving needed future gains will depend
on expanding the knowledge base as well as on develop-
ing an array of new technologies to support the needs of
ever-expanding populations.

For most countries, future yield gains appear to be
possible in most crops. Despite signs that wheat and rice
in Asia may have reached a yield plateau, overall yield
trends by country and region indicate no major danger
signals on the horizon, provided research on important
probletns continues to be supported. World cereal yields
in 1990~92 averaged 3.84 tons per hectare in maize, 3.53
tons per hectare in paddy rice, 2.53 tons per hectare in
wheat, 227 tons per hectare in barley, 2.17 tons per
hectare in rye, 1.7 tons per hectare in oats, 1.42 tons per
hectare in sorghum, and 0.78 tons per hectare in millet.
All of these values are well above the average yields of
these crops in the highest-producing countries and even
farther below theoretical yields, There still seems to be
roem for yield improvement in most crops and regions.

An example of impressive yield improvements is in
China. Average annual yield gains for grains and tubers
during a recent 28-year period were always positive,
ranging from 40 kilograms per hectare per year to 160
kilograms per hectare per year. China continually im-
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Figure 8.5—A gradient of biotechnologies ranging from the more simple (hear bottom) to the more

complex (top)
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proved its vield in the three major crops (rice, wheat, and
com), as did other Asian countries,

Rice yield improvements in Asia continued during the
peried 1979-81 to 1989-91. China, which produces 36
percent of global rice supplies, obtained average annual
yield increases of 123 kilograms per hectare per year,
while India, which produces 21 percent of global produc-
tion, obtained 60 kilograms per hectare per year. China’s
yield improvement is very impressive, ranking third in the
world for countries that produce 1 million tons or more,

For wheat, yield gains in China were 96 kilograms per
hectare per year for 1979-81 to 1989-91. By comparison,
wheat yields rose during that period by 62 kilograms per
hectare per year for Asia as a whole, 60 kilograms per
hectare per year for India, and 55 kilograms per hectare
per year for the world.

Maize has had yield gains similar to those in rice and
wheat. China, which produces 19 percent of world maize
production, attained annual yield gains of 125 kilograms
per hectare per year over the period 197981 to 1989-91.

This evidence of impressive yield gains, even in the
largest producing countries, bodes well for the future,
Most Asian countries have obtained yield takeoff in their
major crops and appear to be able to sustain them over
time. What happens in the future will depend in large part
on whether effort is focused on increasing yield potential
in all crops, in particular in the major cereals that form the
largest base of global food supplies. Increased emphasis
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must be placed on studies of the most intensive production
system, to learn all that is possible about how the natural
resource base—soils in particular—behave under increas-
ingly intensive cultivation.

Future gains will come harder as countries move up on
the yield curve, weil beyond the low-producing, but some-
what steady-state, traditional agriculture still practiced in
many areas. More critical production problems enter the
picture the higher countries move up the yield curve.
Staying at presently high levels of yield, or moving be-
yond, requires well-trained scientists working in effective
institutions with ensured continuity and funding.

Meeting tomorrow’s food needs will require continu-
ing genetic improvement of crops, to provide an array of
high-yielding, robust plant materials with resistance to
pests and diseases, and with increased tolerance to limit-
ing soil, water, and temperature conditions, The genetic
strategy in agricultural improvement is still powerful and
shows promise of moving even faster as new tools from
molecular biology come on stream.

Yield-related research tasks are studying how to main-
tain productivity, close yield gaps, and raise yield poten-
tial. Each country, developed or developing, should have
a strategy to carry out research to satisfy cach of these
needs, either alone or in partnership with others. Without
such a strategy, vield performance may suffer.

In the future, the use and management of inputs also
must become more efficient, to get the maximum benefit
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of inputs while causing minimal environmental effects.
Management must be even more intensive and based on
sound information and increased knowledge. All signs
indicate a much more intensive and productive agriculture
that must be undergirded with a knowledge-generating
and knowledge-synthesizing system that helps to lead to
an array of improved technologies from which millions of
farmers can choose in running their respective individual
enterprises.

In the task of improving yield performance, the global
agricultural research system will be a tremendous asset.
Common problems can be tackled cooperatively by coun-
tries with strong motives of self-interest. All countries
should participate in the global system and gain its bene-
fits. IARCs play a key role in maintaining global collec-
tions of germ-plasm, in providing evaluated germ-plasm
and improved parental lines to national programs, in pro-
viding research-related training, and in forming partner-
ships.

That agriculture in general and agricultural research in
particular seem to receive so little attention now by gov-
ernments and international donors is puzzling in light of
the high returns to investments in agricultural research,
the tremendous changes in the global economy that were
fueled by the global agricultural transformation after
World War II, and the great interest expressed today in
protecting the environment. If the international commu-
nity continues to pull back from emphasizing the impor-
tance of agriculture and continues to allow the erosion of
research needed to produce effective systems for generat-
ing and using knowledge, then the task of meeting tomor-
row’s food needs will, in all probability, not be achieved.
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Chapter 9

PLANT BREEDING AND BIOTECHNOLOGY FOR MEETING

FUTURE FOOD NEEDS

By Donald N. Duvick

Examined in this chapter are the prospects of improving
plant genetic resources through conventional plant breed-
ing research, developments in biotechnology, access of
developing countries to biotechnology, and these compo-
nents’ prospective contribution to food supply. The term
“professional plant breeding” is used here to designate
research-oriented plant breeding based on application of
genetic principles. Use of this term is intended to point out
the fact that plant breeding, breadly construed, encom-
passes the activity of two classes of operators: farmer—
breeders and professionally trained breeders.
Farmer—breeders (or farmer—selectors) as well as profes-
sional breeders have made essential contributions to prog-
ress in variety development, adaptation, and
improvement. In some parts of the developing world,
farmer-breeders continue to provide important contribu-
tions in germ-plasm conservation and improvement.
Therefore, any consideration of plant breeding’s potential
contribution to increased food production in the develop-
ing countries must recognize the role of the farmer—
breeder as well as that of the professional breeder. In this
study, potentials for contribution from both types of
breeder are considered, although the chief emphasis is on
the assigned topic: the role of professional (research-
based) plant breeding.

Professional Plant Breeding

Professional plant breeding was developed in the western
world, Its first successes were in Europe and North Amer-
ica. During the past 50 years, its sphere has expanded and
it now is practiced in almost every nation of the world.
Professional plant breeding is responsible for a large part
of the increase in agricultural food production of the past
century, Studies have shown that plant breeding is respon-
sible for about 50 percent of on-farm yield gains in devel-
oped countries and in regions using intensive agriculture
in developing countries. Changes in other farming prac-
tices, such as using increased amounts of nitrogen fertil-
izer, are responsible for the remaining 50 percent (Austin,

Ford, and Morgan 1989; Byerlee and Moya 1993; Evans
1993; Fehr 1984; Plucknett 1993; Russell 1984).

Professional plant breeding has succeeded best when
it has produced varieties able to profit from an appropriate
mix of other new farming techniques, for example, higher
levels of soil fertility, better weed control, or denser plant
populations. The greatest successes of professional plant
breeding have been in development of new crop varieties
that are well suited to intensive agriculture (Derieux et al.
1987; Duvick 1992; Russell 1984).

Most of the professionally bred varieties also are im-
proved in tolerance to biotic and environmental stress.
They have better tolerance, for example, to heat and
drought; to insect and disease attack; and to problems of
low soil fertility, low light intensity, or waterlogged soils
{Castleberry, Crum, and Krull 1983; Duvick 1994;
Riedell and Evenson 1993; Tollenaar 1991). Such in-
creases in tolerance of adversity secem to be a byproduct
of breeding for adaptation to intensive agriculture, which
often introduces new or increased biotic and abiotic
stresses to the crop. As aresult of their increased tolerance
to stress, the new varieties are more likely than the old
ones to produce a crop under highly adverse environ-
mental conditions. In this sense they are more stable
(Castleberry, Crum, and Krull 1983; Singh and Byerlee
1990). Retrospective experiments show that the trend over
time is toward development of varieties that are more
productive under optimal growing conditions but also
more dependable when the environment is unfavorable
(Castleberry, Crum, and Kruil 1983; Cox et al. 1988;
Khush 1993; Tollenaar 1991). High inputs are not essen-
tial, therefore, to bring out the improved qualities of the
newer varieties; although, as already stated, their yield
advantage over older varieties usually is greatest when
intensive farming practices are used.

It seems likely, in view of the above-noted facts, that
breeding for higher yield is primarily a matter of breeding
for more stress tolerance, Importantly, genetic improve-
ments in stress tolerance (and therefore in yield) are made
incrementally. They are not produced as sudden, ‘‘break-
through” changes.
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Plant Breeding by Farmers

Farmer varieties are stil! grown in many regions of the
world, Farmer varieties often are the only ones with
needed local adaptation or desired food qualities, espe-
cially in the less-favored agricultural regions of the devel-
oping world. Studies indicate much more persistence in
the use of farmer varieties than had been expected on the
basis of earlier experience with introducing professionally
bred crop varieties (Brush 1992, 1993).

Professional plant breeding has built on the previous
successes of the hundreds of generations of women and
men—farmer—breeders—who during the course of thou-
sands of years developed and continvally medified the
myriad farmer varieties that have been the basis for sur-
vival of the human race. Such farmer varieties continue to
be an essential basis for some of the advances in profes-
sional plant breeding today, for example, they often are
sources of needed new genes for insect resistance, disease
tolerance, or specialized grain-quality traits (NRC 1993).

Some farmer-breeders in developing countries are us-
ing professionally bred varieties to improve their local
farmer-bred varieties, Planned or accidental hybridiza-
tions are the basis for knowledgeable selection by these
farmers. Thus, a plant breeding continuum exists from
older farmer-bred varieties to newer ones and then on to
professionally bred varieties. Because of this continuum,
opportunities for both farmers and professional breeders
to make genetic improvements in yield, reliability, and
quality present themselves over a broad range of geno-
types, geographic adaptations, and quality preferences,
These interconnected opportunities for change are found
within each crop species and in many different kinds of
agricultural systems,

Hybrids
Ever since the advent of hybrid maize in the United States
in the 1930s, use of first-generation hybrids has been
looked on as an especially powerful way to increase crop
productivity (Gowen 1950). For technical reasons, few
field crops other than maize could be produced as hybrids
on a large scale until the introduction of hybridization
methods involving genetically controlled pollen sterility
(Duvick 1959). Cytoplasmic male sterility has been used
in several crops and is under investigation in others.
Maize, sorghum, sunflower, and millet can be used as
hybrids and have been used as such in the industrial
countries for many years. Interest in using hybrid seeds of
these crops at first lagged in the developing countrigs, but
now demand is increasing rapidly for hybrids of all four
crops. Some regard adoption of hybrids as breakthrough
technology. Such views probably are overly optimistic.
Large-scale use of hybrids can promote increased rates
of improvement in breeding with some crops, but not ail
crops, and in some farming systems, but not all farming

systems. Switching to hybrids can bring about a rising
curve of breeding improvement that did not exist pre-
viously or can cause an already ascending curve to rise
more steeply than before (Fehr 1984), Such changes, after
initial increases due to introduction of hybrid vigor, are .
not dramatically large, but the genetic improvements
come at a steady pace and are responsive to demands of
farmer—users.

The increases in rate of hybrid improvement often are
due in part to a more critical and continuing demand for
improvement from farmer-users (who expect more from
hybrids), and in part to substantial new investments in
research and education on the part of the private sector.
The private sector usually is heavily involved in breeding
and distribution of hybrid seeds. Critical to the success of
hybrids is the ratio of the extra cost of producing hybrid
seed to the increased profitability from use of hybrids.
Farmers do not buy hybrid seed unless they believe it will
increase their net profits.

Rice and Wheat: Will Genetic
Improvement Continue?

Starting in the 1960s, yields of rice and wheat rose sharply
in the developing countries, The improvements were
closely associated with increased use of commercial fer-
tilizer and itrigation, but professional plant breeding also
played an important part in increasing the productivity of
these two crops (Byerlee and Moya 1993; Dalrymple
1985). Rates of genetic improvement for both rice and
wheat were high in the early years. The genetic improve-
ments were made entirely with pure line varieties, not
hybrids,

Rates of increase in yield of these crops have slowed
or stopped in the developing countries, at least in some
areas or with some cultural methods, which has caused
concern. For both crops, retrospective experiments show
clearly that genetic yield potential continues to rise; new
varieties continue to have higher yields than their replace-
ments (Khush 1993; Waddington et al. 1986). On the
other hand, some empirical and experimental data show
that certain cultural practices are associated with reduced
yields (Cassman et al. 1994).

The challenge to breeders is to develop new varieties
that can break out of such cultural quagmires. New geno-
types that respond to new cultural practices must be found,
or, alternatively, breeders must develop new genotypes
that can overcome existing cultural problems.

Breeders of both wheat and rice for the developing
countries are actively pursuing both courses of action.
Phenotypic changes and physiological changes in both
rice and wheat plants are planned or are being tested
(Khush 1993; Rees et al. 1993). Past experience in breed-
ing rice and wheat, as well as other crops, indicates that
breeders cooperating with agronomists and farmers will
be able to put the on-farm yield curves on an upward trend
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once again in those areas where yields may have pla-
teaued. On-farm yields of rice and wheat are still rising in
many places in the developing world, and the new varie-
ties are intended to maintain or even increase rates of
improvement in those environments also,

Hybrid wheat has not yet succeeded after 25 years of
breeding effort. The chief obstacle to success has been the
excessive cost of producing hybrid seed. Hybrid wheat
has little or no potential for use in developing countries,
at least in the near term. Biotechnology possibilities for
making hybrid wheat seed are now being discussed but
are not yet in hand.

Hybrid rice has been under development for many
years and now is widely planted in China, but not else-
where (Virmani, Khush, and Pingali 1993). An unan-
swered question for China is, Will the yield gain from
hybrid rice be great enough to pay for the fully costed
(nonsubsidized) extra expenses of hybrid seed produc-
tion? A second pertinent question might be, Will future
changes in cultural practices, such as a trend to direct
seeding, help or hinder the ratio of seed cost to crop value?

Plant Breeding: Yield Gains Continue,
but at Increasing Cost

Professional plant breeding continues to improve genetic
yield potential of all crop species in developing and de-
veloped countries. Rates of genetic improvement for yield
are remarkably similar across crops and countries. They
usually average about 1 to 2 percent per year (Byerlee and
Moya 1993; Duvick 1984b; Fehr 1984). Initial rates of
gain, at the onset of professional breeding efforts, can be
higher.

However, the cost of gain increases annually. Initial
improvements come easily; later ones require more breed-
ers, more testing, more complex breeding schemes. Cost
effectiveness of plant breeding still remains well above
that for most other investments. However, since funding
for plant breeding, especialty for developing countries, is
now decreasing, breeders must decrease the cost per unit
of genetic improvement if gains are to continue (Ra-
jagopalan 1993),

Developing countries must look for more efficient
operations and for economies of scale through collabora-
tion with breeding programs in other countries or the
IARCs (CIMMYT 1993). For many developing coun-
tries, the intemnational centers are an invaluable and cost-
effective source of plant-breeding materials and
technology, and links to expertise and products of the
industrial countries (Byerlee and Moya 1993).

Beyond economies of scale or improvements in or-
ganization, professional breeders look to efficiencies
based on improvements in science and technology. In the
past several years, improvements in plant breeding effi-
ciency have been added through the use of computers,
quantitative genetic theory, and new kinds of machinery.

However, most of these improvements have been imple-
mented to the point of diminishing returns. Breeders must
now look to new technologies and new knowledge, in-
cluding biotechnology and molecular genetics.

Biotechnology: A Breakthrough
Technology?

For the past 20 years, great hopes have been placed on the
benefit to plant breeding from biotechnology. Practical
benefits still are not here, even though molecular biology,
the basis for biotechnology, has made great and astound-
ing scientific progress during the past two decades. Nev-
ertheless, progress toward practical application has been
made. Numerous field tests of initial applications are now
under way. In the United States, for example, more than
600 permits for field tests have been issued by the USDA
Animal and Plant Health Inspection Service, and hun-
dreds of additional field tests have been conducted under
the notification provisions of the Plant Pest Act. Also, a
few products are now going through the “delisting™ pro-
cess. Delisted products are not subject to USDA regula-
tion and do not need to be identified as products of genetic
engineering. Three products are delisted to date,

Numerous symposium and workshop reports, dedi-
cated journals, books, and newsletters detail the ongoing
progress in applying biotechnology to plant breeding
(Bajaj 1993; Baumgardt and Martin 1991; Bedford 1994;
Commandeur et al. 1993; Juma 1989; Khush and Toen-
nicssen 1991; Persley 1990a; Persley 1990b; Potrykus et
al. 1993; Ragot and Hoisington 1993). The field moves so
rapidly that any literature review is likely to be dated
before it is published; continuing personal communica-
tion is required for up-to-date information. Much of the
following brief exposition and commentary is based on
recent conversations with leaders in the application of
biotechnology to plant breeding.

Two general methods are used to apply biotechnology
techniques to plant breeding. One method uses genetic
transformation to move potentially useful exotic genes
into crop plants. The other method uses molecular mark-
ers to identify important genes or chromosome regions in
crop plants and their relatives.

The first yield-enhancing benefits of genetic transfor-
mation will be in amelioration of disease and insect prob-
lems. Field trials are now in progress to test the first
improvements involving genetic transformation.

Biotechnology-aided crop protection methods are few
innumber at this time. Only a few useful genes have been
identified, although recent information gives promise that
broadly useful genes for disease resistance soon may be
in hand and potentially available for use by plant breeders
{Bent et al. 1994; Moffat 1994). Most of the crop protec-
tion improvements now under way depend on genes that
were moved from microorganisms to crop plants. They
will provide genetic substitutes for existing chemical or
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genetic methods of pest control, These changes will not
in themselves raise the genetic vield potential of a crop;
however, if they are successful, they can help crop varie-
ties to reach their yieild potential in more reliable fashion,
and so yields will rise, on the average.

Transformation technology also is used to alter the
chemical composition of a crop, for example, to change
the chemical composition of sunfiower oil. Such changes
may give farmers opportunities to grow new kinds of
crops for more profit, but the changes will not increase the
yielding ability of the crops,

Workers in molecular marker technology have pro-
duced molecular marker maps of the genomes of impor-
tant crop plants, such as rice, wheat, and maize. The maps
can be used to select for linked desirable traits, for exam-
ple, in single-gene backcrossing programs. Such selection
will be especially useful for manipulating genes that are
hard to identify with visual selection. Molecular markers
also can speed up the rate and improve the accuracy of
discarding unwanted chromosome segments during a
backcrossing program, thus saving time and expense.

A second use of molecular markers is to identify
“quantitative-trait loci,” chromosomal regions bearing
genes that affect important quantitative traits, such as
tolerance to heat or drought.

Despite general enthusiasm for use of molecular mark-
ers, their use has as yet produced few or no results of
practical value in either developed or developing coun-
tries. As with genetic transformation, much background
knowledge and improvement in technique is needed be-
fore practical use can be made of the molecular marker
technologies,

Important and useful genetic improvements in crop
plants certainly will be made by using genetic transforma-
tion and molecular markers. The number and utility of
these improvements will increase annually. However,
most of the improvements will be incremental, rather than
sudden and dramatically large. Their appearance and
benefits will look much like those from conventional
breeding.

Biotechnology for Developing
Countries

Biotechnology aids to plant breeding often will be used
first in the industrial nations but will be available for use
in developing countries with very little delay. In some
cases the improvements will be publicly available; in
other cases, the products will be available on a commercial
basis.

A developing country need not be self-sufficient in
doveloping biotechnology for plant breeding. Collabora-
tion in many forms will be possible.

One type of collaboration can be with the IARCs.
Products, technology, and training from their biotechnol-
ogy research groups are targeted to needs of developing

countries (Harris 1993). The centers and their products are
linked collaboratively with the most advanced laborato-
ries in both developing and developed nations, The inten-
tion of the IARCs is to serve the developing countries with
products of plant biotechnology and to carry out produc-
tive collaboration with developing-country scientists.

Collaboration also can be on a commercial basis, Pri-
vate firms are springing up to do biotechnology for a fee,
Others act as brokers to put seller and buyer together, The
organizations can be either “for profit” or “not for
prefit.” One commercial organization, for example,
might do molecular marker work on contract (Hookstra
1993). The firm identifies marker linkages with specified
traits, or assists in backcrossing marker-linked traits into
desired genetic backgrounds. Another organization, a not-
for-profit one, facilitates acquisition and transfer of pro-
prictary agricultural biotechnology from the industrial
countries to the developing world (James 1993). Mobiliz-
ing funds from donor agencies helps to further such trans-
actions.

The Consequences of Reduced
Funding for Plant Breeding

A major constraint to plant breeding for the developing
countries is the global reduction in allocation of public
funds for agricultural research, including plant breeding.
Such reductions, originating in the developed countries,
have especially strong adverse effects on the developing
nations (Rajagopalan 1993). This is because of the impor-
tant role of developed countries in granting funds to
support plant breeding in the developed nations. National
programs in developing countries often depend heavily on
funds from donor countries, and the JARCs (important
and sometimes indispensable for developing countries)
depend almost entirely on funds granted to them by de-
veloped countries. The centers now reduce their breeding
work annually, in response to annual reductions in fund-
ing. Some programs have been discontinued entirely and
others will be dropped in the near future.

Commercial plant breeding is under way for some
crops in some developing countries. This should be en-
couraged, for it will supplement the public plant breeding
effort for the developing nations, However, commercial
plant breeding cannot replace the work of the national and
international public rescarch programs. In a few cases,
commercial breeding can reduce the need for some, but
not ail, of the public sector’s applied research—for exam-
ple, in the case of hybrid crops in localities with well-de-
veloped commercial agriculture (Echeverria 1990). For
self-pollinating crops (such as wheat and rice) or root
crops (such as cassava), prospects for commercial breed-
ing and sales are almost nil in most of the developing
countries.

Passage of locally appropriate plant-variety rights leg-
islation in developing countries can encourage growth of
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private seed businesses, thereby enabling them to assist in
crop genetic improvement, For a variety of reasons, such
passage will not by itself ensure success for commercial
breeding and sales operations in the developing countries.
As noted in Duvick (1993):

Will intellectual property rights unilaterally bring
on large changes in use of plant genetic resources,
or will changes toward commercial agriculture and
away from subsistence agriculture bring about a
new sense of ownership of plant genetic resources,
expressed as some form of intellectual property
rights? The latter sequence of events occurred with
field crop sceds in Europe and the United States. As
the balance shifted strongly toward production of
crops for sale, the demand for specialized high
performance cultivars increased and pulled profes-
sional plant breeding along with it. As professional
plant breeding gained power in producing uniquely
productive, widely adapted cultivars, the opportu-
nity to commercialize breeding and seed sales of
those desirable cultivars increased; and this pulled
with it the need to establish ownership of these
products of investment, for their use as objects of
trade. The use of intellectual property rights, there-
fore, was a consequence rather than the cause ofthe
commercialization of agriculture; it is now one of
the functional parts of commercial agriculture,

However, commercial crop production alone cannot
guarantee development of commercial plant breeding and
the accompanying need for intellectual property rights.
For example, the profit margin on some commercial crops
is 50 low or so variable that farmers cannot afford to buy
seed annually. Without a reliable market for seed, no
incentive will exist for commercial breeding to develop,
and so no incentive for intellectual property rights to
protect products of research and development (Duvick
1993).

Finally, the overall nationai climate for agriculture will
influence development of commercial seed industries and
their possible need for intellectual property rights. To
attract seed firms, governments should be politically sta-
ble and the nation’s infrastructure, particulatly transpor-
tation, should be adequate for the delivery of goods and
services to the farming community. There should also be
evidence that markets for the crop are relatively stable,
without undue interference from cither government regu-
lations or private-market manipulators. The presence of
public plant-breeding research will be an asset to private
seed firms. Small-scale seed firms, in particular, will
depend on public plant-research institutions for advanced
breeding materials or even new varieties, as well as for
knowledge of new, improved agronomic techniques ap-
plied to the new varieties. All seed firms will benefit from
germ-plasm enhancement efforts of the public plant-re-
search institutions. In brief, a strong public plant-breeding

research program is necessary for long-range success of
the private seed industry (Crucible Group 1994).

In summary, both logic and experience say clearly that
continued and increasing support of publicly funded plant
breeding is essential for continued yield gains from ge-
netic improvements in crops for the developing world.

If the present downward trend in funding continues to
the point that numerous public plant-breeding programs
are discontinued or severely impaired, variety perfor-
mance in the developing countries will lag and then go
down precipitously. (Key grain crops, such as rice and
wheat, are particularly vulnerable.) This is because the
great advantage of professional plant breeding also carries
with it a great danger-—the success and ensuing wide-
spread planting of professionally bred varieties entails
replacement of many heterogenous farmer varieties with
a relatively small number of uniform, professionally bred
varieties. This change reduces the on-farm genetic vari-
ability (“‘genetic diversity in place™) that in the past was
essential for reducing vulnerability to pest epidemics or
changes in climate as well as for future improvement of
the varieties. As a substitute for the missing on-farm
diversity, breeders now tumn out a steady stream of im-
proved new varieties, each one genetically different from
its predecessor. They must do so repeatedly, rapidly, and
perpetually. Their goal is to introduce new and genetically
different crop varieties faster than new variety-specific
biotypes (races) of disease and insect pests develop. In
doing this, they substitute “genetic diversity in time” for
“genetic diversify in place” (Simmonds 1962). Their
active plant breeding programs are essential (and effec-
tive) bulwarks against genetic vulnerability (Duvick
1984a).

Continued and adequate support of plant breeding
must be provided, therefore, if global food supplies are to
be increased or even maintained.

Potential for Future Yield Gains
from Plant Breeding

No breakthroughs in yield gains from plant breeding are
in sight. Biotechnology will not produce sharp upward
swings in yield potential except in the case of isolated
crops in certain situations. Biotechnology will, however,
be indispensable for continued steady progress in plant
breeding.

Plant breeding will incorporate biotechnology into its
tool kit as it has previously incorporated Mendelian ge-
netics, statistical analysis, cytogenetics, quantitative ge-
netics, and computer technology (not to mention
collaboration with associated scientists in soil science,
plant pathology, entomology, plant physiology, systemat-
ics, anatomy, and cytology).

Incremental improvements in yield and other perfor-
mance traits will be constantly possible and constantly
made. Experienced plant breeders can point out faults in



226 Population and Food in the Early Twenty-First Century

even the most superior varieties of the day and also can
point to germ plasm that has potential to correct those
faults. Given time and funding, the breeders will make the
desired corrections, the needed improvements (Sim-
monds 1989). Steady progress in raising ctop genetic
yield potential will continue, even in Green Revolution
crops, such as rice and wheat.

Incremental and consistent progress in variety per-
formance and yield can be made in developing as well as
developed countries; it is most likely to be made by
professional breeders serving a farming community that
demands high-yield varieties adapted to intensive farm-
ing. Farmer—breeders traditionally intend simply to pre-
serve the status quo of their crops. Dependability of
performance rather than increase in crop yield is their
goal.

However, in some crops, in some farming situations,
improvements in yielding ability may be a goal of farmer—
breeders. They may wish to do so if their needs are not
met by professional breeders; and if they have a sufficient
and appropriate stimulus, such as favorable market price
and a dependable market, Perhaps an important area of
service is in helping such informal breeders in the devel-
oping countries. At present they are outside the service
area of professional plant breeding, either public or pri-
vate. Professional plant breeding (broadly defined) might
provide appropriate counseling, or germ plasm and sug-
gestions for its use, to small farmers or farm cooperatives
who intend to increase the genetic productivity of their
local varieties. For example, adapted germ plasm with
needed new kinds of disease resistance might be provided
to farmer—breeders for incorporation into their local va-
rieties. Techniques of on-farm variety testing can be im-
parted to farmer—breeders for use in making sound choices
among their new selections, or for comparing their selec-
tions with varieties from elsewhere. Farmer-managed on-
farm testing ensures that farmers can select varieties
suited to the growing conditions they wish to use. Grow-
ing conditions and farming techniques, particularly for
small farmers in marginal environments, may be very
different from those used for intensive farming and large-
scale production.

Predictions and Recommendations for
Plant Breeding in the Developing World

Plant breeding will continue to advance productivity of all
crops if it is well funded and if national and international
agricultaral policies stimulate demand for varieties with
improved yield, reliability, and quality.

Professional plant breeding must incorporate tech-
niques and knowledge from molecular biclogy if it is to
maintain its present rates of advance, and especially if it
is to reduce the cost per unit of gain.

Professional plant breeding can be supplemented by
informal plant breeding and selection in those parts of the

developing world that cannot use the full-scale results of
professional plant breeding. Special attention should be
paid to assisting and encouraging informal plant breeding
and selection in appropriate crops and appropriate farm-
ing situations. The goal in providing assistance should be
to enhance breeding and selection methods suited to the
special needs of the farmers (often small-scale and in
marginal farming regions), rather than simply to introduce
varieties and associated farming technologies that were
developed for other needs, such as large-scale intensive
farming.

Commercial plant breeding and sales should be en-
couraged for those regions of the developing world where
it can be used, for its contributions will supplement pub-
licly funded breeding and increase the availability and
quality of seed of improved varieties. But commercial
plant breeding cannot work for all crops or for all agricul-
tural systems of the developing nations. Care should be
taken not to withdraw support of public plant breeding for
those farming systems that cannot support commercial
breeding,

In the end, the goal must be to ensure that each crop
has an efficient and dependable seed industry. Breeding
and variety development, seed multiplication, and distri-
bution of good-quality seed on time and in needed
amounts are essential components of a sound seed indus-
try. A well-functioning seed industry will not be con-
strained by national boundaries, or by private versus
public considerations. A successful seed industry has an
optimum mix of public and private entities of large and
small organizations and draws on global resources in ways
that provide the needed amounts of germ plasm; infra-
structure resources; and intimacy with the ultimate cus-
tomer, the farmer.

Establishing healthy seed industries in the developing
world will not guarantee increases in food production at
rates high enough to keep up with the fast-growing food
needs of the developing nations, However, in the absence
of healthy seed industries, food production in the devel-
oping world can be guaranteed not to keep up with food
needs.

A final comment: Implementing and intensifying
known technology in plant breeding will be more produc-
tive than searching for “prospects of breakthroughs.”
Wholehearted implementation of known technology ac-
tually will increase the likelihood of breakthroughs. In at
least the short and medium term, current upward trends in
crop productivity can be maintained and amplified if plant
breeding at all levels, both professional and on-farm, is
given appropriate support in the form of funds and organ-
izational opportunities. Breakthroughs cannot substitute
for this foundation for progress; in fact, they depend on it
for their development. Previous breakthroughs, usually
unpredicted, have been a consequence of keen application
of known technologies in new combinations, and often for
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new goals. Surprisingly productive new technologies,
new methods of organization, were the consequence,
Thus, the best way to ensure development of plant breed-
ing breakthroughs is to promote maximum effectiveness
of current plant breeding technologies and seed delivery
systems while encouraging entrepreneurial and intercon-
nected activity at all levels of plant breeding—on the
farm, in the research plot, and at the laboratory bench.
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Chapter 10

CLIMATE CHANGE AND AGRICULTURE—RESEARCH
FINDINGS AND POLICY CONSIDERATIONS

By John Reilly

Global climate change that would setiously limit agricul-
tural production and cause widespread famine and starva-
tion is the type of disaster scenario that has played on the
edge of the debate on whether to make significant cuts in
the amount of trace gases emitted into the atmosphere. The
agricultural impacts of potential climate change have now
been investigated in some detail. Although considerable
uncertainties remain, overall studies conducted to date do
not find the global food supply seriously threatened.

The intent in this chapter is to briefly review existing
findings, identify limitations of these findings, speak di-
rectly to the issue of hunger and climate change, and
indicate some broader implications for the agricultural
policies of the world’s nations. The focus of the review is
generally restricted to studies that assess global impacts,
while providing what evidence exists on regional differ-
ences in effects.

Existing Findings

Early attempts to evaluate the economic impact of climate
change on agriculture included studies by Parry, Carter,
and Konigen {1988); Adams et al. (1990); Arthur and
Abizadeh (1988); and Mooney and Arthur (1990). Sonka
(1991) and Kaiser (1994) provide reviews. Kane, Reilly,
and Tobey (1992) and Tobey, Reilly, and Kane (1992)
have emphasized the importance of trade in determining
the net economic effect on a country. A major recent work
is that done by Rosenzweig and Parry (1994)—also re-
ported in Fischer et. al (1994)—which is subsequently
referred to in this chapter as RP, The basic yield perturba-
tions developed by RP are also the basis of work by Reilly
and Hohmann (1993) and by Reilly, Hohmann, and Kane
{1994), which subsequently is refetred to in this chapter
as RHK. Detailed country-specific results of this work is
reported in Reilly, Hohmann, and Kane (1993).

Tables 10.1 and 10.2 provide the summary results from
the analysis by RHK. Results are presented for climate
scenarios of three different general circulation models
(GCMs). The GCM climate projections are based on
scenarios in which atmospheric trace gases were doubled

and the climate models were run until the climate system
reached apparent equilibrium. The predicted change,
summarized by changes in global mean surface tempera-
ture and global precipitation, were as follows: Goddard
Institute for Space Studies (GISS) scenario, +4.2° C. and
+11 percent precipitation; Geophysical Fluid Dynamics
Laboratory (GFDL) scenario, +4.0° C. and +8 percent
precipitation; United Kingdom Meteorological Office
(UKMOj) scenario, +5.2° C, and +15 percent precipita-
tion. Regional climate chanpes used in the RP yield stud-
ies were based on the specific regional projections of the
(CMs and varied considerably from the global average.
In GCM projections, temperature increases tend to be
larger in polar regions and less in equatorial regions, Some
land areas show decreased precipitation in GCM projec-
tions even though global precipitation increases.

Two additional scenario variants are reported in Tables
10.1 and 10.2 for each climate scenario. These variants
are scenarios with and without an estimated direct effect
of carbon dioxide (CQOp) fertilization, and with and with-
out adaptation. Changes in the ambient concentration of
COz has well-documented positive effects on crop growth
and yield (Kimbali 1983; Cure and Acock 1986) and
greater water-use efficiency (Woodward 1993), but ques-
tions remain about how continuous exposure to higher
concentrations in an open environment will be reflected
in harvestable yield and yield quality (Bazzaz and Fajer
1992; Mooney and Koch 1994}, how effects will interact
with other environmental stresses (Van de Geljn et al.
1993), and the ultimate effect on water use given changes
in leaf area and the canopy structure (Kimball et al. 1993).

To consider adaptation, RP first estimated yields by
changing only climatic conditions. They then experi-

- mented with different combinations of changes in crop

variety, changes in the crop planting date, and changes in
the level of fertilizer and irrigation to find strategies to
ameliorate estimated yield losses. On the basis of these
experiments, RP summarized findings by reporting two
levels of adaptation. Level I included changes in crop
variety but not the crop, changes in the planting date of
less than one month, and changes in the amount of water
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applied for areas already irrigated. Level 1T adaptation
additionally included changes in the type of crop grown,
changes in fertilizer use, changes in the planting date of
more than one month, and extension of irrigation to pre-
viously unirrigated areas. Interpreting the yield changes
as supply shocks led RHK to consider only the level I
adaptation because the increased cost associated with
level 11 adaptation was not consistent with a horizontal
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supply shift. The “with adaptation’’ results in Tables 10.1
and 10.2 are thus based on RP’s level [ adaptation.!

The RP study reported production impacts, price im-
pacts, and impacts in terms of the number of additional
people at risk of hunger. Cereal price increases were
reported as between 24 percent (GISS scenario) and 145
percent (UKMO scenario) without adaptation and without
the direct effect of CO> fertilization. With adaptation, the

Table 10.1—Woelfare effects hy country group of agricultural impacts of climate change, based on

general circulation models

Climate Scenarios

With CO2 and Adaptation With COz, No Adaptation No CO3, No Adaptation
Region GISS GFDL  UKNMO GISS GFDL UKMO GISS GFDL UKMO
(millions of 1989 dollars)

Peveloping countries

<500 per capita =210 =2573 -14,588 -2,070 5322 -19,827 -56,692 -66,110 —121,083

$500-82,000 per capita —-428 -2927 -10,668 -1,797 5,135 -15,010 -26,171 -27,839 -48,095

>$2,000 per capita -603 -534 1,021 -818 -878 -328 -6,661 —4,351 -3,870
Eastern Europe and

former Soviet Union 2,423 -125 4,875 1,885 -2,048 -10,959 -12,484 28,854 -57471

OECD countries 5,822 25 6,470 2,674 -3,644 15101 -13,453 -21,485 -178606
Total 7,003 6,135 -37,623 -126 -17,028 61,225 ~115,471 -148,640 -248,124
Source: Rellly, Hohman, and Kane 1994,
Notes: General circulation models: GISS refers to the Goddard Institute for Space Studies model, GFDL refers to the Geophysical

Fluid Dynamics Laboratory modei; and UKMO refers to the United Kingdom Meteorclogical Office model. For definition of

adaptation, see text,

Table 10.2—Price change from base resulting from climate change, based on general circulation

models
Climate Scenarios
With CO;z and Adaptation With CO;, No Adaptation No COz, No Adaptation
Commodity GISS GFDL UKMO GISS GFDL UKMO GISS GFDL. UKMO
(percent)
Beef -0.39 098 2.68 0.74 219 4.82 5.30 7.17 10.30
Pork -1.76 2,79 9.27 1.38 6.62 16.33 19.31 25.98 37.98
Lamb —0.51 -0.02 —0.33 -0.14 0.14 0.41 -1.2% -0.17 0.96
Poultry meat ~1.52 2.95 9.22 1.84 6.88 16.43 19.14 25.74 37.72
Poultry eggs -1.60 233 7.86 1.00 5.58 13.06 16.46 22,56 33.50
Milk, whaole 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Butter -0.05 -0.97 -2.72 -0.56 —1.94 -3.79 577 -8.53 -7.97
Cheese -0.15 0.10 0.36 0.04 0.28 0.75 0.67 1.08 1.70
Milk powder 017 0.72 2.08 " 040 1.55 3.28 4,25 5.35 7.18
Wheat -21.84 2.18 49.70 -17.83 20.41 88.20 130.48 207.18  351.58
Maize 1.30 19.59 44 21 24.35 43.80 91.66 88.50 137.94 219.41
Sorghum -5.72 1279 42.35 1.02 27.19 74,10 95,65 14177 235.64
Rice 24.15 22.84 78.09 34.01 41.17 109.12 359.66 371.59 618.18
Soybeans -20.26 -7.15 28.31 -17.14 -3.66 63.42 73.74 10260 248.84
Soybean meal -5.51 3.49 19,14 0.45 10.22 37.22 42,15 57.40 68.26
Soybean oil -18,57 -10.50 12.82 ~19.04  -11.21 27.76 38.14 5048 109.93
Groundnuts -2278 ~11.96 23.48 -21.38 —8.90 36.19 111.93 15665  288.13
Groundnut cake -7.27 1.05 17.44 ~2.71 6.80 30.15 48.66 6635 10538
Groundnut oil ~12.43 -5.97 9.51 -12.22 -5.19 14.31 39.78 51.78 83.49
Cotton ~2222 -14.23 26.61 -21,32 -12.09 4247 131.75 18476  393.41
Sugar 14.48 20.10 78.15 16.30 25.99 87.29 179.24 196,52 359.49
Tobacco -42.02 -32.89 -5.39 -26.43 -13.90 2811 22232 29829 550.78

Source: Reilly, Hohman, and Kane 1994.

Notes:

General circulation models: GISS refers to the Goddard nstitute for Space Studies model, GFDL refers to the Geophysical

Fluid Dynamics Laboratory model; and UKMO refers to the United Kingdom Meteorclogical Office model. For definition of

adaptation, see text.
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researchers found that the cereal price increased between
10 percent (GISS) and 100 percent (UKMOQO). These re-
sults are broadly similar to the RHK results in Table 10.2.
However, the price results indicate that the model used in
the RHK study provides generally less responsiveness to
supply. This is particularly evident under the extreme
cases with no CO3 fertilization effect and no adaptation.
For the UKMO case, for example, the price increases for
cereals were considerably more than 200 percent, com-
pared with a 145 percent increase in cereal prices reported
by RP. Comparison between the models is limited by the
fact that the model used in the RHK study is a static model
with the yield shock imposed as if it occurred in 1990,
whereas the RP e¢ffort uses a dynamic model with chang-
ing population, economic activity, land use, and agricul-
tural technology.

The model used by RP also includes an equation that
relates food prices, production, and income to the number
of people potentially at risk of chronic hunger. They find
that the number of potentially hungry people increases by
40 million (GISS scenario) to 300 million (UKMO sce-
nario) under the case with adaptation and with the direct
effect of CO2 fertilization.

RHK focused on analyzing the impact of trade, dem-
onstrating that relative export status affects the net impact
on a country in economic terms. Major agricultural ex-
porting countries can gain economically even if they
suffer yield losses—if world prices rise sufficiently to
offset production losses. In contrast, the net economic
effect in importing countries is dominated by the impacts
on consumers who would be hurt by rising prices. In
RHK’s analysis, the net impact on individual countries
was quite different across scenarios and from the overall
global effect. Thus, these researchers caution against
broad generalization.

Not surprisingly, given that both economic analyses
relied on the RP yield impacts, the studies drew similar
conclusions on several broad points:

Overall Impacts

The overall impacts on global agricultural production,
prices, and economic welfare® were relatively small (less
than 0.3 percent of global GNP) once the effect of CO2
fertilization and adaptation were included. In one case in
each study, global agricultural production increased, with
a net benefit (measured by a change in economic welfare
by RHK and by a reduced number of peaple vulnerable to
hunger in RP). This occurred only in the GISS case, with
alevel IT adaptation in the RP study, RHK did not consider
the leve!l IT adaptation scenarios constructed by RP. In the
RHK study, the GISS case with adaptation level I showed
global welfare improvement. This more positive effect
may be due to the fact that RHK is based in 1990. Rice, a
relatively severely affected crop, carries an implicitly
greater weight in the future because populations depen-

dent on rice in Asia gtow faster than populations in the
OECD countries, Eastern Europe, and areas of the former
Soviet Union.

The Effect of CO2 Fertilization. The direct effect of
COn fertilization was very important in limiting the nega-
tive effect. As can be seen from Tables 10.1 and 10.2,
cases without this effect showed far more severe losses.
The difference between comparable cases in Table 10.1
suggest that COz fertilization is worth between $115
billion and $190 billion 1990 dollars. Direct adaptation
was important but not as important as the CO; fertilization
effect. Comparing the cases with and without adaptation
in Table 10.1 shows that adaptation measures reduced
losses by $7 billion to $24 billion, depending on the
climatic scenario.

Effect on Low-Income Countries Versus High-
Income Countries and Former CPEs. Low-income
countries in the aggregate were more severely affected
than the high-income countries and former CPEs. This
result held up across the scenarios shown in Table 10.1.
In particular, the GISS case, with CO» fertilization and
adaptation, showed net global benefits, but net economic
losses in all three developing-country income groups. RP
compared developed countries with developing countries
and found that cereal production increased in developed
countries and decreased in developing countries or that
decreases in production were more than proportional in
developing countries. RHK note that the middle-income
countries (developing countries with greater than $2,000
per capita income} are sometimes less severely affected
under scenarios that are globally more severe, because this
group of countries includes several major agricultural
exporters. These countries benefit from higher prices for
their agricultural exports. Reilly and Hohmann (1993)
identified three reasons why developing countries were
more severely affected. First, despite great uncertainty
with regard to precipitation, the nonlinear relationship
between temperature and evapotranspiration tended to
create more drought in tropical regions even though the
temperature changes in these regions were less, Second,
adaptation potential tends to be lower in tropical areas—
temperate agriculture can shift planting dates into cooler
periods of the year, but frequently cropping seasons in
tropical regions are limited by rainfall rather than tem-
perature. Third, the ability to adapt may be less in devel-
oping countries with less access to different technologies
and farming practices and with weaker systems for trans-
ferring technology to farmers. In the RP crop studies,
agronomists working in developing countries limited con-
sideration of adaptations to those they judged as possible
within the context of the socioeconomic system.

Effects on Individual Countries. Effects on individ-
ual countries vary significantly, RHK note that for spe-
cific countries net economic impacts may be positive
under the GISS climate scenario but negative under the
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UKMO scenario. When adaptation and COz fertilization
is included, the welfare effects on a per capita basis for
most countries is on the order of 5 dollars or less per year.
The per capita welfare effects were estimated to be sub-
stantially greater (as much as several hundred dollars) in
the scenarios without adaptation or CO; fertilization, but
such scenarios should be considered extreme lower
bounds. The net effect frequently is the combination of
consumer losses and producer gains—Iloss of yield re-
duces producer revenue, but this loss was frequently more
than made vp for by high prices. These various effects are
due in part to how changes across the world combine to
affect world prices but also to differences in climatic
results across GCMs, There are relatively few areas of the
world where all three climate models agree on the direc-
tion of precipitation change, much less the magnitude. The
seasonality of temperatare change is also quite different
among models—some predict most warming will occur
in the winter, while others find warmer summers, Such
differences greatly affect the chance of droughts that
greatly reduce yields.

Other Issues and Studies

There are limits and uncertainties in the major economic
studies of the global impacts of climate change, Among
the issues that give rise to this uncertainty are (1) the
timing of expected climate change, (2) yield impact ag-
gregation from detailed sites, (3) behavioral response of
farmers and other agents (for example, agricultural re-
searchers) to changing climate conditions, (4) the cover-
age of agricultural activities potentially affected by
climate change, (5) changes in other resources or compe-
tition for land and water resources from other sectors
affected by climate change, (6) other environmental
changes, and (7) the climate scenarios. Each of these
issues is discussed below,

Timing

RP were forced to deal with the timing question explicitly
because they created a dynamic scenario. They assume
that the doubled~trace—-gas, equilibrium climate scenar-
ios, and associated agricultural effects will occur in 2060.
The 4.0° C. to 5.2° C. mean temperature increase in these
scenarios can be contrasted with climate sensitivities to
doubling of 1.5° C,,2,5° C,, and 4.5° C. considered by the
Intergovernmental Panel on Climate Change (IPCC),
Transient runs for several models reported by the IPCC
show a realized temperature change of between 1.3° C.
and 2.3° C. at a doubled trace-gas concentration. The
estimated impacts for the nearer term were 0.53° C. by
2020 and 1.16° C. by 2050 (IPCC 1994). Thus, the scien-
tific view as presented in the IPCC study suggests that the
impacts estimated by RP and RHK are extremely unlikely
to occur by 2060 or even 2100. The possibility of positive
impacts in the more moderate impact scenarios may mean

that the early stages of climate impacts may be beneficial
for world agriculture. The early stage could extend over
the next 50 to 75 years, Such speculation depends on the
assumption that the {ransient path of climate change is
more or less a smooth adjustment. Existing transient sce-
narios do not provide evidence against a relatively smooth
adjustment in terms of global mean-temperature change.
The need for accurate transient runs that project a reason-
able timepath of climate change is particularly important.
Accurately determining reasonable transient effects re-
quires accurately linking ocean and atmosphere models;
when such links have been made with existing models,
they have required large flux corrections to prevent the
models from drifting.? Until these models can be structur-
ally corrected such that flux corrections are unnecessary,
considerable debate is likely to remain about the accuracy
of transient paths described by GCMs.

Yield Impact Aggregation

The methodological foundation of the RP, RHK, and
earlier studies is to aggregate and extend detailed crop
growth model results conducted at relatively few specific
geographic points to regions and nations, On the basis of
detailed, daily temperature and precipitation records, crop
response models were simulated over a 10- to 30-year
historical climate record. This record was then altered by
adding the change in temperature and precipitation de-
rived from the GCM models. The crop response models
were run again using the 30-year altered climate records.
The yield impacts of climate change were estimated as the
difference in the yield averages between the altered and
original climate record. This approach does not make use
of existing databases that provide reasonable coverage of
the geographically diverse climate across the world, Be-
cause the marginal impact of temperature or precipitation
can be negative or positive depending on the base condi-
tions, the current distribution of base conditions provides
a lot of information for projecting climate impacts. Lee-
mans and Solomon (1993), and Carter, Porter, and Parry
{1991} use geographic information system databases that
contain available information on climate from all current
monitoring sites to estimate crop potential at each grid-
point. These efforts have not yet been linked to an eco-
nomic model. Thus, the results are considered changes in
potential production rather than actual production because
they do not resolve how prices may change as a result of
changing world and regional supply. The results generally
confirm the pattern of decreased crop potential in the
tropical areas and increased potential in the northern
temperate areas found by RP,

Behavioral Response

Economic analyses usually rely on revealed responses of
farmers and farming systems to estimate response, The
garliest crop-response modeling efforts did not consider
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possible switches among varieties or changes in planting
dates, double cropping, split-season cropping, or other
changes that could ameliorate negative impacts or create
productivity gains. The RP work considers some re-
sponses (variety switching, changed planting date), but
crop production has many aspects—from tillage, crop
selection, and rotation scheme to harvesting, planting, and
crop drying and storage. Farmers have many activities that
may be affected by climate and many options for adapting
these activities for a changed climate. Some responses are
automatically climate sensitive because year-to-year
weather variation requires such context sensitivity; farm-
ers plant when soil temperature is high enough, when the
field is dry enough to work, or when the rainy season
begins. Thus, retaining an assumption that they will al-
ways plant on a given date unless a specific decision is
made to the contrary is not realistic.

Kaiser et al. (1992) have tried to model explicitly the
important responses in an economic simulation model.
Mendelsohn, Nordhaus, and Shaw (1994) have tried to
estimate the response econometrically using cross-sec-
tional data for the United States; they argue that this
approach fully accounts for long-run behavioral response.
Kaiser et al. (1992) estimated effects for only a few
northern sites in the United States. Mendelsohn, Nord-
haus, and Shaw (1994) use a “Ricardian” approach to
estimate impacts on land values. The approach is partial
equilibrium and cannot account for changing prices that
might occur if production changes worldwide.

Another criticism of the RP methodology that falls
under the behavioral response category is that it fails to
consider the possibility that new technologies can be
developed to adapt to changed climatic conditions. Some
maintain that crop breeding is quite responsive and that
breeders can successfully adapt varieties to a changed
climate, McKenney, Easterling, and Rosenberg (1992)
considered how crop varieties might change over the next
50 years, which is speculative in its own right. It is more
difficult to speculate how crop breeders may change their
course if they note that climate is changing or if there are
reinforcing economic signals. Other responses include
development of transportation, water resources, or food
processing infrastructure to deal with new crops or newly
cropped areas. Mendelsohn, Nordhaus, and Shaw (1994),
by using cross-sectional analysis and a very reduced form
approach, claim to incorporate the long-run response of
allthese systems in their analysis. However, their analysis
does not provide evidence on whether the capital irre-
versibilities could cause lagging adjustment; if lagging
adjustment were accounted for, the costs would likely be
higher (Reilly and Thomas 1993).

Agricultural Activity Coverage

The suite of crop response models used by RP was limited
to a few (but the most important) grain crops. The yield

effects were extended to other crops. Approaches that are
able to consider the full range of crops grown in tropical
areas—including beans, roots, tubers, sugarcane, and
various fruit and vegetable crops better suited to warm
climates—may show different effects for these crops. The
basic methodology underlying the RP and similar studies
have not yet been able to integrate the impacts of insect,
disease, and weed pests as they may change with climate.
Livestock production activities are also affected by cli-
mate directly (weight gain and milk production are re-
duced under very hot conditions), and indirectly through
pest and diseases and through impacts on grazing and
pasture. These considerations have not been integrated
into global studies. Mendelsohn, Nordhaus, and Shaw
(1994} argue that their approach accounts for all agricul-
tural activities, whereas RP and similar studies focus only
on grains. When Mendelsohn, Nordhaus, and Shaw value-
weight their results, they find beneficial effects of climate
change for the United States. When they weight by land
area (which weights grains heavily), they find negative
effects, thus concluding that studies that focus primarily
on grains may be negatively biased. Reilly (1994) argues
that the RP yield studies specifically do not deal with
roots, tubers, beans, and other crops of particular impor-
tance to developing countries and which may be more
suitable for warmer climates.

Interaction and Competition
from Other Resources and
Resource-Using Sectors

Irrigation and water-resource allocation is a conspicuous
problem and an admitted limitation in global studies. It is
generally recognized that water demand for other uses
(such as for cities, recreation, in-stream flow management
to preserve habitat) will grow; that water use may have
reached or passed sustainable levels of use in some areas
(for example, groundwater depletion is occurring in some
areas); and that irrigation is responsible for salinization
and land degradation, and thus irrigation as practiced in
some areas is not sustainable even if water resources are
available. Aggrepate studies have generally not incorpo-
rated these considerations and have retained assumptions,
such as that irrigated area will not increase (Easterling ¢t
al. 1992), or have modeled competition for water under
current conditions (Adams et al. 1990). Easterling et al.
(1992) have recognized the fact that climate change will
simultaneously affect several sectors in a region. While
recognizing these interactions, they principally focused
on how these various sectoral effects will add up to affect
the regional economy rather than on how these sectors
create competing demands for arable and forested land,
water, and climatic resources. Possible policy responses
to climate change include efforts to increase the area
devoted to forests and biomass production. Such policies
could create significant competition for agricultural land.
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Accurate modeling of climate impacts on agriculture will
require consideration of the increased demand for land
from biomass and forestation policies.

Other Environmental Changes

Most studies now consider the direct effect of CO2 fertili-
zation of crops as a fundamental part of the climate change
problem, because it is the same COg that is primarily
responsible for expected warming, Considerable debate
remains about the CO2 effect. The positive effect is well
documented in experiments in controlled settings (Kim-
ball 1983). Uncertainty remains regarding whether the
positive effects (an estimated 20 to 40 percent yiéld in-
crease for C3 crops if COz levels increase to 600 parts per
million} will be directly transferable to field conditions.
Nutrient limitations, other environmental stresses {(includ-
ing climatic stresses), and interactive effects with weed
and imsect pests are factors that also must be considered.
The direct photosynthetic effect is clearly demonstrated,
but issues of translating increased biomass into harvest-
able yield and the possible decreased quality of yields
have been identified. Many other environmental
changes—inciuding stratospheric ozone depletion and in-
creased UVB, low-level ozone with direct damage to
crops, acid deposition, and nitrogen deposition—have
occurred and are likely to occur over the next several
decades. These problems are all directly or indirectly
related to climate change because they stem from fossil-
fuel use or from chloroflourocarbon use, which is, itself,
implicated in the climate change problem.

Climate Scenarios

The climate scenarios themselves are highly uncertain—
particularly at the regional and local scale, and at time
scales that provide evidence on changes in detailed cli-
mate features as are needed for impact analysis. The
current approach of superimposing the mean seasonal
differences on the historical record maintains the basic
existing pattern of climate. The following is an example
of the types of problems analysts face: when changed
precipitation is imposed, an assumption must be made
about whether increased precipitation involves more rain
or snow events, or the same number of events with more
intense rain or snow. In the case of temperature, the
diurnal variation (difference between day and night tem-
peratures) is assumed unchanged, since an equal change
is added to all temperatures during the day. Little evidence
exists to support a particular approach, but using a single
approach may create more cerlainty about results than is
warranted.

A new effort (Darwin et al. 1994a, 1994b) addresses
many of these considerations in a single global model that
includes eight world regions. It is based on a geographic
information system approach similar to Leemans and
Solomon (1993), in which changing climate shifts the

distribution of land across several agro-climatic land
classes, Other resource-using sectors are included and are
also affected by climate change. The parameterization is
meant to capture broader adaptation phenomena, includ-
ing land-use change. Current simulations do not include .
the direct effect of CO2 fertilization, but the global results
are comparable to the RIHK results with CO» fertilization.
Thus, the results of current simulations suggest a much
less negative effect of climate change than the RP and
RHK studies. If a COz fertilization effect on an order
similar to that in RP were introduced, it seems possible
that all scenarios would show net global economic gains.
Regionally, the results vary in sign and magnitude across
the different climate scenarios considered; however,
Europe and Southeast Asia tend to show a consistent loss
in economic welfare, whereas Canada and the United
States tend to show consistent gains in welfare.*

Overall, the various scenarios constructed in global
studies diverge, suggesting considerable remaining un-
certainty. The above considerations provide additional
reasons to view the results as largely illustrative.

Hunger Vulnerability and
Climate Change

The World Bank compared environmental risks in terms
of their health risks and economic productivity. In the
comparison, global environmental problems, such as
ozone depletion and global warming, contributed far less
to health risks and direct economic loss than dirty water,
inadequate sanitation, air pollution, and land degradation
(World Bank 1992). Schelling (1992) more directly made
the argument that developing-country investment re-
sources could contribute more if allocated to development
than if allocated to slowing greenhouse warming. RP and
others (for example, Downing 1992; Kates and Chen
1994) have linked climate change to hunger and famine
vulnerability. As these efforts are intended to better de-
scribe the human dimension of climate change for policy-
makers, considering what implcations policymakers
might draw from potential hunger vulnerability is useful.

Considering the policy implications of potential hun-
ger requires a broader consideration of the issue of food
security. Food security is first and foremost about the
ability to consume food. It is generally recognized that the
current global capacity for food production is adequate to
avoid famine and malnutrition, but famine oceurs because
available food does not always get to those most in need.
Without a public structure to reinforce the rights to food,
even local production capacity does not lead necessarily
to the elimination of hunger (Sen 1981). Wars and politi-
cal upheaval have direct effects on people’s rights and
access to food and are a major cause of current famines
(for example, in Somalia and Bosnia). In 100 years, if an
area were declining in agricultural potential because of
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climate change, the population of that region might not
grow if it remains dependent on the ability of the local
region to produce food. Famine and foed shortage is a
short-term, unexpected (though recurring) phenomenon,
whereas climate change is a long-term trend phenomenon
(at least as described by the current generation of GCMs).
This trend will exacerbate famine potential in some areas
and will relieve potential in other areas. The RP study
demonstrates that, even with potentially severe local ef-
fects of climate change on agriculture, global agricultural
preduction can be sustained. However, even in the face of
global food adequacy, severe local effects on production
can leave the populations that depend on production from
these arcas vulnerable to famine.

A major objection to an economic, cost-benefit ap-
proach to the problem is that the cost-benefit solution may
allow potential loss of life and livelihood due to famine
and malnutrition in poorer countries to avoid emissions
control costs; and, at this time emissions are dispropor-
tionately due to fossil energy use in relatively wealthy
countries. Thus, the tradeoff appears to involve accepting
the loss of lives of the poor in developing countries so that
income of the relatively wealthy countries is not reduced.
However, current understanding of famine clearly indi-
cates that famine is preventable with existing resources
and technologies. Current famine and chronic hunger are,
thus, a social choice. Under a climate-changed (and prob-
ably even richer) world, famine will be a choice rather
than an inevitability, accepting that the existing global
studies on climate change are broadly correct in predicting
that the global production effects will be moderate.

From an economic perspective, this is easily resolved
as the need for redistribution of funds to mitigate the
locally severe effects of climate change. This would allow
global climate change policy to follow a rational cost—
benefit calculus. However, those who see the probability
of severe climate-related disasters (for example, famine
or coastal destruction) increasing as a result of climate
change will have little incentive to accept a climate-
change policy consistent with a cost-benefit analysis
without assurance that their losses will be compensated.

Compensation is, however, far from a straightforward
exercise. The drought or hurricane due to climate change
will be difficult to separate from the drought or hurricane
that would have occurred anyway. However, for the world
to deal with the problem of ¢limate change rationally, a
basic security level for all citizens will be a minimum
requirement.

While food security is about the near-term, unexpected
event, strengthening the international mechanisms for
dealing with famine and malnutrition are likely a precon-
dition to a reasoned climate-change policy. Poverty, sub-
sistence agriculture, poorly developed social support
networks, and weak governmental processes appear to be
the preconditions for famine and malnutrition (for exam-

ple, Sen 1981). Training, improved health delivery, edu-
cation, economic development, and improved agriculture
production techniques are the solution (Ruttan, Bell, and
Clark 1994). While these issues of hunger, human devel-
opment, and basic security go well beyond the narrower
issue of the impact of climate change on agriculture, the
issue of valuing and assessing the impacts cannot be
considered fairly without making explicit the background
expectation of how losses will be compensated,

Agricultural Policy Implications

In addition to the broader debate about how agricultural
impacts fit into the broader climate-change debate, the
issue of how agricultural policy could adjust to reflect an
expectation that climate would change might be consid-
ered. In the United States, this has been the subject of at
least a few reports (CAST 1992; OTA 1993; Lewan-
drowski and Brazee 1993). What should be done depends
on what is believed will be the effect of climate change.
RHK identified two broad conclusions that were relevant
to policy: (1} economic impacts of climate change must
be considered in the context of global effects, recognizing
the role of international trade; and (2) despite the consid-
erable advance in understanding, the implications of cli-
mate change for world agriculture—and even more so for
individual countries or regions—is highly uncertain in
both magnitude and direction of effect. Considerations of
national or international responses that might improve
adaptive response to climate or compensate potential los-
ers must be considered in light of these two features.

In particular, no one anticipates the sudden emergence
of an international agreement to hold trace-gas concentra-
tions at their current levels. Doing so would be nearly
impossible because it is estimated that it wounld require
immediate worldwide reductions in emissions of 50-80
percent. Such reductions would be necessary to bring
annual emissions in line with the apparent natural rate of
uptake of carbon and destruction of other gases, such as
methane and nitrous oxide. Thus, global agriculture is
likely to be forced to adapt to some amount of climate
change. Some modest implications for agricultural policy
are discussed below.

First, trade is able to play a significant adaptive role,
allowing farmers in countries less severely affected by
climate change to profit by selling production to consum-
ers in the more severely affected regions. In this way,
markets act to pool the risk of locally severe effects. Even
with highly uncertain scenarios, regionally differentiated
effects are highly likely. Thus, continued strengthening of
agriculture within GATT provides important flexibility
for adapting to climate change,

Second, the changing and uncertain comparative ad-
vantage among countries suggests if some type of national
agricultural climate-adjustment policy is considered, the
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policy should be viewed in terms of strategic trade pol-
icy—Is it a good strategic investment based on the ability
to compete in the future, recognizing that agronomic
conditions are changing across the world, or is it costly
support that will prolong an industry that will only grow
less competitive? Predicting how a nation will fit into the
world’s agricultural production system will not be easy.
Clear-headed assessments will be necessary to avoid
costly efforts to maintain production in the face of dete-
riorating comparative agronomic advantage.

Third, given the uncertainties, flexibility must be akey
consideration. But what does flexibility mean and what
does it cost? Flexibility and diversity are frequently linked
but are not necessarily the same concept. Being able to
grow both corn and wheat, or growing comn, rice, wheat,
and groundnuts, is not an effective risk strategy if none of
the crops do well. Thus, access to markets (both within
countries and among countries) seems to provide a more
likely opportunity to avoid local crop failure (both due to
short-term drought conditions and long-term climatic
trends). Development of improved education and training
probably provides more effective diversification and
flexibility to insure farmers against financial risk, because
a well-educated and well-trained population will be in the
best position to assess a changing situation and adapt.
Furthermore, these investments in human capital are con-
sistent with any overal} development program,

Fourth, subsistence farms and farming communities
merit special policy consideration because the risks are
starvation and malnutrition rather than financial loss. By
definition, such groups are unaffected by commodity mar-
kets, either domestic or global. Being both the supplier
and demander of the products, the implicit price of com-
modities is determined within the subsistence farm or
farming community. The farm or community must fully
bear the risk of local bad years (food storage is the private
insurance mechanism). These same groups are subject to
the current vagaries of climate, which include cycles of
drought. While the risks are greater for such groups, the
general direction of policy is probably no different than
in the general case discussed above, that is, policies that
improve skill levels and integrate these gtoups into mat-
kets. General education and training will allow these
peoples to become better farmers (or potentially enter a
manufacturing workforce).’

Fifth, modeling results of RP and RHK suggest a fairly
consistent picture of negative effects in the developing
countries in the aggregate. What does this mean for adap-
tive policy response for individual developing countries?
Unfortunately, very little. Even across the three scenarios
that might be considered “reasonable’ projections rather
than mental exercises (that is, the three climate scenarios
with fertilization and modest adaptation), the direction of
effect varies for individual developing countries among
the climate scenarios considered and among the develop-

ing countries for any particular climate scenario. The
results probably create more uniformity of effect than
might actually be expected because the climate models
themselves are coarsely resolved, the RP approach of
extrapolating from a relatively few sites tends to create
uniformity that may not occur, and economic models
aggregate countries still further.

Sixth, ¢can adjustment to new crops and cropping prac-
tices be fostered? Farmers are directly interested in success-
ful (agronomically and financially) agricultural practices.
Inthe context of changing climate, successful practices may
change. Climate will not bethe only factor that changes over
the next 100 years. New crops and new technologies will
be developed, local demands will change (as incomes rise),
and input and cutput prices wiil change. The network of
experiment-station sites biologically integrates the local
climatic information into the cultivar selection process by
selecting those that do well at the site. This crop selection
process can be an essentially autonomous adjustment proc-
ess: the crop breeder and selector need not recognize that a
choice was in part determined by the fact that climate had
changed (or that COz levels had increased). Countries with
an effective network of such stations will be more likely to
deliver to local farmers crop varieties that are better adapted
to the changing climate. Thus, supporting the existing net-
work and expanding it appears to be a reasonable response,
(For other approaches, se¢ Jodha 1989; Ruttan, Bell, and
Clark 1994)

Seventh, changes in climate may introduce some addi-
tional considerations in the existing crop-development
system. Under a situation of climate change where the
yields of all crops may be changing simultaneously, farm-
ing strategies probably should be compared, rather than
the yield of a single crop, against the existing standard,
Comparing farming strategies also will require a measure
of success that is broader than yield (for example, profit-
ability). The need to make such comparisons is already
recognized as part of the move to evalvuate sustainable
agricultural practices that involve comparing perfor-
mance of a mixed farming enterprise with commercial
agricultural enterprises that involve greater specialization.
Thus, considetation of climate change encourages mo-
mentum in a direction that sustainable agriculture has
already begun.

Eighth, considerations of climate change may also
suggest some alterations in the specific strategies for
selecting experimental sites. In the absence of climate
change, the experiment site tends to be located in the heart
of a particular agronomic belt and crops are selected that
are known to be relatively well-adapted to the ‘“known”
climatic conditions. With the prospects of climate change,
locating sites at the edges of agronomic zones or near the
transition between zones may be advantageous. Selecting
a range of crops and practices that include some that may
be maladapted to the “known” climate may offer further
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advantages. These may prove to be surprisingly success-
ful if climate has, in fact, changed but the change has not
been broadly detected or recognized.

Conclusions

Considerable progress has been made in evaluating the
potential effects of climate change on global agriculture,
but significant uncertainties remain. On the basis of
current understanding of the effects of climate change
on agriculture as represented by equilibrium GCM sce-
narios, economic losses generally appear to be manage-
able—some climatic scenarios and newer studies
suggest the effects may be positive. Analyses to date
have largely been based on equilibrium climate scenar-
ios associated with a doubling of trace-gas concentra-
tions. The Intergovernmental Panel on Climate Change
projected that the global temperature increase like that
shown in the equilibrium scenarios may not occur until
nearly 2100 (Houghton, Callander, and Varney 1992;
IPCC 1994). Determining the implications of such
changes on agricultural policy requires considering the
nearer-term effects. Until specific transient climate runs
can be evaluated, the nearer-term effects of climate
change are speculative. The nature of climate change in
transient scenarios remains a significant uncertainty in
addition to many other uncertainties within the narrower
scope of specific modeling studies of agricultural ef-
fects. If anything, the positive fertilization effects of
increasing CO2 is likely to be strongest in early years.
The results also suggest that mild climate change may
also be positive. Thus, global agriculture may well bene-
fit from climate change over at least the next 30-40
years. Overall, the rate of change, if transient climate
change is gradual, is likely to be far slower than other
significant forces shaping agriculture, such as techno-
logical change and population growth.

Given these uncertainties, few, if any, agricultural
policies are specifically appropriate for adapting to cli-
mate change. Rather, the possibility of climate change and
changing agronomic conditions should be integrated into
existing agricultural policy as one element that may
change in the future. Recommendations along this line,
for the most part, support existing efforts to redirect
agricultural systems. Reducing barriers on international
trade in agricultural commodities, as has been pursued
under GATT, and evaluating farming systems (as opposed
to narrowly focusing on yield), as necessitated by the need
to evaluate sustainable agricultural systems, would lead
to an agricultural system better prepared to respond to
climate change. Populations that are vulnerable to hunger
will likely benefit from greater integration into food mar-
kets, combined with improved education and skill devel-
opment that can provide these people with the means to
purchase food.

NOTES

1. The “no adaptation” label applies only to the extent
that farmers are assumed not to respond directly to
the changed climate. Once supply shocks of the
changed climate are simulated in an economic model,
farmer adaptation te changing prices is implicit in the
characterization of price response of supply. While
not modeled explicitly in some economic models,
almost certainly such a response includes changing
crops, irrigation, and fertilizer use; however, these
changes only occur at additional cost.

% RHK measured economic welfare as Marshallian

economic welfare, which includes changes in con-
sumer and producer surplus and government pay-
ments. For a diagrammatic presentation and
discussion of applicability of Marshallian elasticities
see Tobey, Reilly, and Kane, 1992.

3. A flux correction is an exogenously specified energy
flow between atmosphere and ocean. The size of
these flux corrections have been on the order of the
current, known flux.

4. Here welfare is computed directly as changes in

utility because utility functions are explicitly speci-
fied in the model.

5. Special problems are introduced by considering in-
digenous peoples who live in a subsistence manner.
Preservation of their rights to their culture may con-
flict with an adaptive insurance strategy of economic
development, diversification, and integration. These
very things may be antithetical to preserving the
culture. Because regional conditions are likely to
change, it is fairly certain that, for some such peoples,
conditions will worsen while for others conditions
may improve by some measures. The same questions
arise as economic development and population in-
crease leads to pressure to intensify production on the
lands of indigenous people. Climate change provides
an added dimension to the problem because even
complete preservation of land rights of indigenous
people may not preserve the underlying productivity
of their production systems. How or whether these
peoples could be compensated for loss of culture is
likely overwhelmed by the process of bargaining for
compensation with unequal power of the bargaining
participants and the difficulty of evaluating the extent
of loss.
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